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This  report  provides  the  technical  details  on  the  research  activities  for  Task  -  4  of 
Contract''  F33615-87-C-2738  during  the  period  of  July  87  to  August  89.  Details  on  the 
fabrication  and  utility  Installation  for  the  three  thermionic  dioda  test  ststions  and 
the  diode  processing  station  are  discussed  along  with  the  instrumentation  for  actually 
testing  the  diodes.  Experimental  results  as  wall  as  analytical  characterisation 
results  have  been  provided  in  the  form  of  J-V  characteristics  and  discrepancies  between 
the  two  have  been  explained.  Emitter  temperature  calibration  results  have  also  bean 
provided. 
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This  final  report  wu  prepend  aa  pan  of  the  contract  deliverable*  under  the  "Thermal 
Energy  Storage  and  Heat  Tranafier  Support  Program/  Contract  No.  F33613-87-C-2738.  This 
contract  was  adminiasatered  by  the  Aero  Propulsion  and  Power  Laboratory  (APPL)  of  Wright 
Research  and  Development  Center  (WRDC)  (now  Wright  Laboratory  (WL))  and  co-sponsored 
by  the  Strategic  Defense  Initiative  Organization  (SDIO).  Dr.  JJ3.  Beam,  Ms.  J.E.  Johnson,  Mr. 
M.  Morgan  and  Mr.  A.S.  Reyes  were  the  Air  Force  Technical  Monitors  at  various  stages  of  this 
program. 


The  present  report  outlines  the  research  effort  performed  under  Task-4,  Thermionic 
Energy  Conversion  Studies  concerning  the  specific  work  done  on  establishing  diode  test  stations 
and  performance  mapping  of  the  Lanthanum  Hexaboride  diode.  The  other  tasks  of  this  program, 
namely;  Task-1,  Heat  Transport  System  Studies;  Task-2  Thermal  Energy  Storage  Study;  Task-3 
Innovative  Radiator  Study  and  Task-3,  Heat  Pipe  Life  Test  Study  are  covered  under  separate 
documents. 


The  entire  work  described  here  was  performed  on-site  at  the  Thermal  Laboratory 
(WL/POOS)  by  UES,  Inc.,  Dayton,  OH  with  Dr.  M.L.  Ramalingam  as  the  Principal  Investigator 
for  the  task  and  Dr.  R.  Ponnappan  as  the  Program  Manager.  Messrs.  D.  Brigner  (UES)  and  D. 
Reinmuller  (WRDC)  provided  the  technical  support.  UES  Scientific  Services  Division  and 
Drafting  Group  provided  the  documentation  services. 


The  thermionics  related  activities  on  this  contract  were  terminated  on  August  6, 1989  after 
the  completion  of  the  rejuvenation  of  the  NASA,  LeRC  facilities  and  successful  testing, 
characterization  and  verification  of  the  output  results  on  the  Lanthanum  Hexaboride  and 


Rhenium-Niobium  diodes. 
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Thermionic  Energy  Conversion  (TEC)  wm  part  of  the  spice  nuclear  research  activities 
being  investigated  at  NASA  Lewis  Research  Center  (LeRC)  in  the  early  seventies  (1,2).  Before 
the  termination  of  these  activities  in  1973,  Lanthanum  Hexabohde  (LaB*)  was  one  of  the 
important  materials  being  studied  as  a  part  of  the  diode-screening  project  [3].  The  TEC  activities 
were  then  continued  at  LeRC  by  NASA's  applied  research  technology  (ART)  program  [4].  The 
TEC-ART  activities  were  terminated  due  to  programmatic  retrenchment  and  transferred  to  the 
Jet  Propulsion  Lab  (JPL)  where  the  research  on  metal  hexaboride  has  since  received  less 
prominence  [3,6]. 

A  twin  diminiode  station,  a  TECO  diode  station  and  diode  processing  station  were 
acquired  by  the  Aero  Propulsion  Laboratory  of  WRDC/WPAFB,  in  1987.  These  stations  are  now 
currently  being  rejuvenated  and  upgraded  with  improved  instrumentation  and  testing  facilities. 
The  planar  diminiode  tested  in  the  twin  station  has  an  emitter  made  from  sintered  LaB*  and  a 
collector  made  from  arc  melted  LaB«.  The  constructional  details  and  configuration  are  explained 
in  detail  in  earlier  documents  [7,8,9,10,11].  However  the  details  of  the  instrumentation  and  the 
data  acquisition  and  processing  system  used  were  different,  and  this  report  provides  some  of  the 
details  on  these  aspects.  Before  actually  conducting  the  optimization  tests,  an  initial  sequence 
of  tests  was  conducted  to  verify  the  performance  of  the  diminiode.  In  this  sequence  of  tests,  the 
cesium  reservoir  temperature  was  maintained  at  460  K,  and  the  collector  temperature  was 
maintained  at  900  K  while  the  emitter  temperature  was  varied  from  1300  K  to  1700  K  in 
intervals  of  30°C.  Both  current  density  and  power  density  characteristics  were  generated  at 
various  emitter  temperatures  and  compared  with  similar  results  obtained  at  NASA  LeRC.  These 
results  and  some  of  the  calibration  requirements  for  measuring  the  emitter  temperature  accurately 
are  discussed  in  this  report  along  with  certain  important  features  in  the  characteristics  such  as 
ignition  point  and  de-ignition  point,  open  circuit  voltage  and  short  circuit  current.  After 
confirming  the  normal  c  eration  of  the  diminiode  as  well  a  the  testing  facility,  a  test  plan  wu 
generated  and  executed  for  the  first  and  second  stage  optimization  tests. 
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This  conititutea  a  pair  of  diminiode  tett  starionsthat  were  combined  to  form  one  unit  with 
several  common  facilities  that  were  either  activated  or  de-ictivited  depending  on  which  test 
station  was  in  operation.  These  two  stations  were  well  equipped  to  test  variable  gap,  small 
electrode,  planar  diodes  which  could  be  mounted  along  with  their  cooling  consoles,  directly  to 
a  6-inch-diameter  flange.  The  vacuum  chambers  were  water  cooled  but  the  diode  components 
themselves  were  equipped  to  provide  either  water  or  gas  cooling. 

Figure  1.1  shows  the  cross-section  of  the  NASA  diminiode  as  reproduced  from  Ref.  1. 
The  base  of  the  diminiode  consists  of  three  concentric  conductors  (niobium,  1%  zirconium) 
bonded  together  with  intervening  annuli  of  aluminum  oxide  insuladon.  The  bonding  of  the 
conductors  to  the  insulators  was  done  by  the  Hot  Isostatic  Pressing  Process  (H1PP).  By  using 
this  construction  method,  low  resistance  electrical  paths  were  provided  for  the  collector  and 
guard.  The  center  and  second  steps  at  the  bottom  of  the  diminiode  base  served  as  the  electrical 
taps  for  the  collector  and  guard. 

The  cap  of  the  diminiode  consists  of  a  tantalum  election  bombardment  target.  This  top 
piece  was  located  on  the  machined  shoulders  of  a  standard  tantalum  tube.  The  tube  was  attached 
to  the  diminiode  base  and  served  as  the  cesium  reservoir.  Cesium  was  sealed  in  the  tube  after 
internal  degassing  and  inidal  pyrometry  calibrations  were  completed.  The  sealing  of  the  reservoir 
was  conducted  in  a  specially  designed  station  and  was  completed  by  brazing  the  tantalum  ball 
in  place. 

The  collector  and  guard  were  cut  from  the  same  material  and  were  attached  to  the 
diminiode  base  by  diffusion  bonding  or  high  temperature  brazing.  The  outside  diameter  for  the 
guard  corresponds  to  the  diameter  of  the  emitter,  which  was  fusion  bonded  to  the  diminiode  cap 
and  electron  bombardment  target. 

Thermocouples  measured  the  cesium  reservoir,  collector  and  guard  temperatures.  Optical 
pyrometry  was  used  to  measure  the  electron  bombardment  target  temperature  which  wu  then 
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converted  to  the  emitter  temperature  throu|h  a  aeries  of  cattbrerion  corves.  The  emitter 
waiheated  by  electron  bombardment  and  thermal  control  coils  were  used  to  adjust  the 
temperature  of  the  guarded  collector  and  cesium  reservoir.  Though  a  provision  for  adjusting  the 
interelectrode  gap,  by  placing  precision  shims  between  a  simple  diaphragm  bellows,  was 
provided,  the  gap  was  not  changed  during  the  course  of  the  tests  conducted  after  rejuvenation  of 
the  facility.  It  was  maintained  constant  at  the  last  tested  value  of  015  mm. 

1.2  ThLl^.JaQdg.,IgiL  Satiaa 

This  is  a  diode  test  station  that  was  originally  developed  to  test  planar  diodes  with  cesium 
reservoirs  located  away  from  the  interelectrode  gap.  These  diodes  were  developed  by  Thermo* 
Electron  Corp.  and  tested  at  NASA,  LeRG  As  most  of  the  equipment  on  this  station  were  either 
destroyed  or  missing,  except  for  the  vacuum  system  and  chamber,  the  entire  station  had  to  be 
rebuilt  with  new  equipment  Unlike  the  diminiode  test  stations,  the  diode  was  mounted  to  a 
framework  within  the  vacuum  chamber. 

Figure  1.2  shows  the  cross-sectional  drawing  of  the  guard  ring  diode.  The  collector  body 
and  leadthrough  flanges  are  fabricated  from  niobium.  The  tabulation  and  cesium  reservoir  are 
fabricated  from  copper  and  joined  to  the  niobium  collector  by  an  intermediate  nickel  joint  The 
lower  portion  of  the  collector  accommodates  both  the  collector  beaten  and  a  calorimeter  section 
for  measuring  heat  through  the  collector.  This  calorimeter  can  be  calibrated  by  the  collector 
heaters. 


The  guard  ring  is  fabricated  by  casting  die  sapphire  between  two  niobium  tubes  and  then 
shrink-fitting  this  composite  tube  over  the  collector  body.  The  assembled  shrink  fit  is  then 
diffusion-bonded  by  a  four-hour  exposure  to  1600°C  in  vacuum.  After  diffusion  bonding,  the 
collector  and  guard  ring  are  machined  for  final  assembly. 

The  emitter,  which  has  been  fabricated  from  rhenium,  is  supported  by  a  rhenium,  sleeve 
which  is  in  turn  supported  by  a  niobium  leadthrough  flange.  The  emitter-to*sleeve  and  sleeve-to* 
flange  joints  are  made  by  electron  beam  welds.  The  emitter  lead,  the  guard  ring  lead  and  the 
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diode  sealing  flange  are  insulated  from  oneanother  by  copper-nickel  braaad  alumina  insulators. 
The  guard  ring  lead  is  electrically  connected  to  the  guard  ring  by  a  threaded  connection.  Final 
assembly  of  the  diode  is  made  by  screwing  this  emitter  assembly  into  the  collector  body  with  the 
guard  ring  leadthrough  engaging  mating  threads  on  the  guard  ring.  The  emitter  assembly  is  then 
welded  to  the  collector  body.  The  diode  structure  is  then  provided  with  necessary  heating  and 
cooling  coils  to  complete  the  immediate  instrumentation  needs.  As  in  the  diminiode  test  stations, 
thermocouples  were  used  to  measure  the  cesium  reservoir,  collector  and  guard  ring  temperatures, 
and  optical  pyrometry  was  used  to  measure  the  electron  bombardment  target  temperature  initially 
but  then  it  was  replaced  with  a  W-Re  thermocouple  when  the  emitter  temperature  controller  wu 
acquired. 

1.3  The  Diode  Processing  Station 

Figure  1.3  is  a  cutaway  view  of  the  multipurpose  vacuum  chamber  that  is  used  for 
diminiode  processing  which  includes  bake  out,  filling  and  sealing  of  cesium  [7].  In  this  chamber 
following  only  one  pump-down  the  diminiode  mode  of  bakad-out  components  undergoes  a  final 
high  temperature  degassing,  internal  and  external  pyrometry,  and  fusion  sealing  after  the  cesium 
capsule  insertion.  The  cesium  itself  was  an  off-the-shelf  component  like  the  other 
interchangeable  pans  of  the  diminiode.  A  cesium  ampule,  a  degassed  tantalum  ball  and  a 
diminiode  go  into  the  station  before  its  closure.  Then,  after  the  pump  down  and  degassing  at 
450°C  to  below  1 0‘*  tore,  the  diminiode  enters  the  final  stages  of  processing. 

As  electron  bombardment  heats  the  emitter  assembly,  continual  thermal  sensing  and 
coolant  adjustments  bring  the  diminiode  to  predetermined  bake-out  conditions.  That  state 
depends  on  the  electrodes,  the  braces  and  the  insulator  limit.  During  temperature  rise,  the 
pyrometric  cavity  in  the  emitter  allows  calibrations  of  the  tungsten  lined  external  black  body  hole 
and  the  high  temperature  thermocouple.  The  outer  black  body  hole  then  permits  emitter- 
temperature  calibrations  subsequent  to  closing  the  diminiode.  This  capability  enables  checking 
output  shifts  of  the  high  temperature  thermocouples,  using  high  temperature  pyrometry.  While 
the  diminiode  is  at  maximum  degassing  temperatures,  electron  bombardment  of  the  open  end  of 
the  reservoir  to  just  below  the  melting  point  of  the  copper-foil  insert  prepares  it  for  the  brazed 
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closure.  Following  this  pah  of  the  btka-out,  cooling  gives  a  downward  calibration  to  check  the 
upward  one.  Next,  magnetically  pulling  the  lower  pin  lathe  guide  tube  drops  the  cesium  capsule 
into  the  diotiniode  reservoir.  If  the  pressure  rises,  another  brief  bake-out  removes  contaminants. 


The  same  process  follows  the  release  of  the  previously  degassed  tantalum  sphere,  which 
lodges  in  the  funnel  opening  of  the  side  tube.  Then  electron  bombardment  brazes  this  ball  in  the 
end  of  the  reservoir  with  copper.  This  completes  the  processing  phase  of  a  new  diminiodc. 


The  diode/diminiode  processing  station  is  currently  being  equipped  with  new  emitter, 
collector  and  cesium  reservoir  temperature  controllers.  A  design  for  a  mock-up  device  has  been 
completed  in  order  to  establish  optimum  operating  parameters  for  an  efficient  cesium  reservoir 
seal. 


The  construction  of  the  (Umiidode  it  such  that  it  is  a  vacuum  sealed  device,  so  it  is  not 
possible  tc  measure  the  temperature  of  the  emitter  directly.  However,  when  these  devices  were 
originally  fabricated,  NASA  Lewis  engineers  calibrated  the  target  temperature  as  a  function  of 
the  emitter  temperature.  Thus  progressive  corrections  had  to  be  applied  in  several  stages  to  airive 
at  the  accurate  emitter  temperature.  This  section  provides  details  on  the  calibration  procedures 
and  the  corrections  applied  to  the  pyrometer  output  in  order  to  obtain  the  actual  emitter 
temperature. 

A  manually  balanced  disappearing  filament  pyrometer  was  used  to  measure  emitter 
temperature.  Measuring  the  emitter  temperature  was  accomplished  by  focusing  the  pyrometer 
on  the  black-body  cavity  located  in  the  electron  bombardment  target.  A  voltage  signal 
corresponding  to  the  temperature  of  the  electron  bombardment  target  was  sent  to  the  data 
acquisition  system  from  the  pyrometer.  The  data  acquisition  system  was  programmed  to  sense 
this  voltage  signal,  convert  it  to  a  digital  form  and  send  it  to  the  computer.  A  computer  program 
corrects  the  voltage  signal  for  several  factors  causing  attenuation,  such  as  the  energy  scatter 
created  by  the  sapphire  viewport,  the  temperature  gradient  between  emitter  and  target,  etc.  The 
correction  was  accomplished  with  several  equations  generated  by  analytical  curve  fitting 
techniques.  This  allowed  the  emitter  temperature  to  be  read  directly  from  the  computer  screen. 

2.1  Emitter  Temperature  to  Outnut  Voltage  Calibration  (LaB.l 

Figure  2.1  represents  the  final  correlation  between  emitter  temperature  and  pyrometer 
output  voltage  for  the  three  scales  representing  the  entire  temperature  range  over  which  the 
emitter  could  possible  be  heated.  The  temperature  corresponding  to  the  three  scales  were 

Scale  -  1:  700°C  to  1330°C 
Scale  -  2:  1350*C  to  1850°C 
Scale  -  3:  1850°C  to  2500°C 
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EMITTER  TEMPERATURE  Vs.  OUTPUT  VOLTAGE 

(Plots  of  calculated  values  after  conversion) 


Figure  2.1 


Though  the  calibration  data  wen  not  available  over  the  range  of  each  scale,  it  was 
suitably  extrapolated  without  introducing  any  large  systematic  errors.  Figure  2. 1  is  the  outcome 
of  three  stages  of  conversions  vis.,  a)  conversion  of  output  voltage  to  pyrometer  temperature, 
(Figure  2.2)  b)  conversion  of  optical  pyrometer  temperature  to  target  temperature  (Figure  2.3)  and 
c)  conversion  of  target  temperature  to  emitter  temperature  (Figure  2.4).  Only  the  final  calculated 
values  after  conversion  are  <«**«■—*  in  the  figure,  for  each  of  the  three  scales.  The 
corresponding  analytical  equations  who  represented  by  the  following  relations; 

V39137.204  (VJ3-52699.16  (VJa  +23663.662  (VJ-3211.25  (2.1) 

(for  700  STS  1350°C) 

T8-25633.516  (V,)J-37154.638  (VJa  +  21232.537  (VJ-2723.734  (2.2) 

(for  1330  STS  18508C) 

Te*8444.806  (V,)M2127.68  (VJa+14152.041  (VJ-2028.642  (2.3) 

(for  1830  STS  2300°C) 

However,  the  error  limits  for  all  the  conversions  are  presented  in  Table  2.1.  From  the  table  it 
was  observed  that  the  highest  value  for  maximum  error  was  1.96%  and  the  lowest  value  for 
minimum  error  was  0.0007%.  Equations  (2.1),  (2.2),  and  (2.3)  were  incorporated  in  the  software 
for  performance  and  optimization  testing  and  accessed  with  function  switches  whenever  needed. 

2.2  Emitter  Temperature  to  Output  Voltage  Calibration  (ASTAR-811C) 

The  ASTAR-8 1 1C  Himininrtg  had  a  Tantalum  alloy  as  the  emitter  and  Niobium/Zirconium 
as  the  collector.  Details  of  the  various  calibration  curves  and  the  corresponding  curve  fits  are 
as  follows: 

The  temperature  range  for  the  emitter  was  divided  into  four  scales: 

Scale  -  1:  850°C  to  1250°C 
Scale  *  2: 125Q°C  to  1600°C 
Scale  -  3: 1600°C  to  1900°C 
Scale  *  4: 1900°C  to  2500°C 
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PYROMETER  TEMPERATURE  Vs.  OUTPUT  VOLTAGE 

(SC-1 -700-1 350C; 9C-2=1 350-1 850Cr9C-3=1 850-2500C I 


TARGET  Vs.  OPT.  PYROMETER  TEMPERATURE 

(SC-l =700-1 350C;SC-2=1350-1850C:SC-3=1850-2500C) 
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EMITTER  Vs.  TARGET  TEMPERATURE 

(Experimental  &  Analytical  Plots  for  La 06  Diminioda) 


Table  2.1  Error  Limits  for  Analytical  Plots  (LaBJ. 


<*•-  -v  'F&F'  zF'Xfsfrfy 'i^f' 

.  r*X'rJ"y>  Vj**'  ;  >  v. 

Since  this  ••  *  ^ ,w*  rf"""***  t— *  u  u  «-p»^ — change  frn~ 

one  diminiode  to  another.  Polynomial  curve  fits  wees  tenanted  lor  each  scale  according  to  the 
following  equations; 


Tp=43330.322  (V0)3  -  58345.293  (V^  +  28415.454  (VJ 

-  3637.663  <±  1.97%) 

(for  850°C  S  T  S  1250°C) 


Tp«27906.683  (VJ1  -  40449.992  (VJJ  +  23115.427  (VJ 

-  3026.804  (±0.27%) 

(for  1250°C  STS  1600°C) 

Tp=27906.683  (V0)J  -  40449.992  (V,)3  +  23115.427  (VJ 

-  3026.804  (±0.27%) 

(for  1600°C  STS  1900*0 

Tp*9060.329  (V#)3  -  13022.368  (VJ,  +  15183.551  (V.) 

-  221 1.006  (±  0.227%) 

(for  1900°C  STS  2500°0 


(2.4) 


(2J) 


(2.6) 


(2.7) 


Here.  V,  represents  the  pryrometer  output  voltage  and  Tf  represents  the  optical  pyrometer 
temperature. 

This  is  a  function  of  the  attenuation  that  the  viewport  offers  to  the  radiation  being 
emitted  from  the  source.  The  variations  for  these  parameters  were  found  to  be  linear  and  could 
be  represented  by  the  following  equation: 


V  njVl 
• ,  %  i 
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(2.8) 


Tt*  1.007  (T,)  +  9.871  (±0.13%) 


(for  850°C  £  T  £  1250°C) 

tr*  1.024  (T,)  +  10.143  (±  0.24%) 

(for  1250°C  1600°C) 

(2.9) 

Tr=  1.024  (Tp)  +  10H43  (±  0.24%) 

(for  1600°C  STS  1900°C) 

(2.10) 

Tt* 1.039  (Tp)  +  37.300  (±  0.26%) 

(for  1900°C  STS  2500°C) 

(2.11) 

In  these  set  of  equations,  Tr  represents  the  target  tempertaure. 

d  Conversion  of  Target  Temperature  to  Emitter  Temperature 

Figure  2.5  represents  the  plots  of  emitter  temperature  as  a  function  of  the  target 
temperature  for  theASTAR  •  81 1C,  Nb  •  1  at.%  Zr  diminiode.  The  experimental  data  for  the 
two  temperature  ranges  was  obtained  from  NASA,  LeRC  files.  The  most  accurate  curve  tits  for 
this  data  exhibited  linear  variations  that  agreed  with  the  following  fust  order  approximations. 

TK-().887  (Tt)  +  82.640  (±  0.895%)  (2.12) 

(for  1250°C  CT  $  1600°C) 

T,:=0.794  (Tr)  +  229.891  t±  0.989%)  (2.13) 

(for  1600°C  d  T  5  1900°C) 

Here  Tk  represents  the  emitter  temperature  which  is  at  all  times,  less  than  the  target  temperature. 
From  the  figure,  it  seems  that  the  experimental  calibration  data  is  identified  in  groups  or  clusters 
over  the  entire  temperature  range  but  these  clusters  all  lie  on  the  same  linear  approximation. 

d)  Conversion  of  Output  Voltage  to  Emitter  Temperature 

Figure  2.6  represents  the  analytical  plots  of  emitter  temperature  as  a  function  of 
pyrometer  output  voltage.  There  plots  were  generated  with  the  following  polynomials  that  were 
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EMITTER  TEMPERATURE  VERSUS  TARGET 

IASTAR  81 1C  -  Niobium  Zirconium  Diminiod 


Figure  2.5  Experimental  Calibration  Data  and  Polynomial  F»»  for  ASTAR-811C  Diode. 


EMITTER  TEMPERATURE  VERSUS  OUTPUT  VOLTAGE 

(ASTAR  81 1C  -  Niobium  Zirconium  Di mini  ode) 
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Figure  2.6  Actual  Emitter  Temperature  Venus  Pyrometer  Output  Voltage  for 

ASTAR-81 1C  Diode. 


■  -  V  <  j  .>.4  a,  :*..» , '•  -  >.•  >'•  ,-  ,">iA  '  •'  , '  ;  v  .;•-  *•*-  ’  ;.  aV 

5/ -  T-X.t/i$ ■ '- - "V-v'.i  T  L.i££  .  V  ••  &t.  ^  '  ■-•  f •  •;**,  ; :...  v'-  1  -  » 


substituting  far  TV  is  .*■ fraction  of  V,  mequaekes  2.12  tad  111. 


TE»387i0.92  (VJ1  -  52125.159  (VJ1  +  25386.111  (V*) 

-  3167115 
(for  850“C  STS  1250*0 


aw) 


V25354.31  (VJJ  -  36749.941  (VJl  +  21001167  (VJ 

-  2676.330  i 

(for  1250°C  STS  1600*0 


(2.15) 


T, ;=22701. 752  (V0)J  *  32905.177  (VJJ  -r  18804.122  <V0) 

•  2240.436 
(for  1600°C  STS  1900*0 


(2.16) 


Tt»7481.711  (VJ1  -  10753.428  (VJ,  +  12538.060  (VJ 

-  1855.419 

(for  1900*C  STS  2500*0 


(2.17) 


The  various  limits  for  each  of  the  curve  tits  ate  indicated  in  Table  21. 
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3.1  Diminiode  Test  Stations 

The  experimental  setup  for  the  NASA  Diminiode  station  consists  of  four  subsystems. 
These  are  the  vacuum  system,  emitter  heating  and  temperature  measurement  system,  data 
acquisition  system  and  the  output  load  and  control  system.  A  general  discussion  of  these 
subsystems  will  be  presented  in  this  section.  A  more  detailed  discussion  of  the  data  acquisition 
system  and  the  temperature  measurement  and  control  system  will  be  included  in  the  next  section. 
A  schematic  representing  the  enure  experimental  setup  and  associated  subsystems  is  shown  in 
Figure  3.1. 

3.1.1  The  Vacuum  System 

Since  the  whole  purpose  of  the  energy  conversion  process  is  to  extract  electrons 
from  the  emitter  surface  and  transmit  them  to  the  collector  surface,  it  is  imperidvc  that  a  clean 
low  pressure  environment  be  provided  to  avoid  electron  deviation.  As  a  result  the  diminiodes 
are  tested  in  a  vacuum  chamber  under  a  pressure  of  10*7  torr  or  lower.  This  provides  the  dual 
purpose  of  providing  a  clean  environment  as  well  as  minimisiiif  electron  deviation. 

A  turbomolecuiar  pump  was  provided  to  rough  the  system  to  approximately  10"4 
torr.  An  ton  pump  was  then  activated  to  take  the  pressure  down  to  at  least  Iff*  tore.  A  vacuum 
of  10  *  tore  or  bener  is  required  to  minimize  electron  deviation  and  also  to  improve  efficiency  of 
heating  by  electron  bombardment.  The  vacuum  level  was  monitored  with  an  ion  gauge  whose 
output  was  directly  transmitted  to  the  computer  in  the  data  processing  system  through  the  dam 
acquisition  system.  Thus  the  vacuum  level  was  directly  displayed  on  the  monitor  and  stored 
along  with  other  test  data. 

3.1.2  Emitter  Heating  and  Temperature  Measurement  System 

The  emitter  was  indirectly  heated  by  electron  bombardment  (EB)  heating.  This 
was  accomplished  using  a  tungsten  filament  which  was  resistance  heated  by  an  AC  power  supply. 
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igure  3.1  Schematic  Representing  Experimental  Setup  and  Associated  Subsystems. 


To  heat  the  filament,  the  power  was  gradually  increaaed'up  to  approximately  100  watts,  at  which 
level  the  temperature  would  be  greater  than  2000  K  and  the  filament  would  be  hot  enough  to 
emit  electrons  with  high  kinetic  energies.  A  floating  DC  bombardment  power  supply  provided 
the  necessary  energy  to  direct  the  electrons  from  the  filament  to  the  electron  bombardment  target 
The  energy  imparted  by  the  impinging  electrons  heated  up  the  EB  target  which  in  turn  provided 
the  necessary  heat  input  to  the  emitter  by  conduction. 

The  cesium  reservoir  and  collector  temperatures  were  controlled  using  compressed 
air  for  cooling  and  resistance  heaters  for  heating.  Microprocessor  type  controllers  were  used  to 
control  the  power  output  to  the  resistance  heaters.  These  controllers  were  supplied  with  the 
appropriate  temperature  signals  by  thermocouples  placed  in  the  diode  to  measure  collector,  guard 
and  cesium  reservoir  temperatures.  The  emitter  temperature  was  indirectly  measured  using  an 
optical  pyrometer.  The  optical  pyrometer  output  was  then  converted  to  emitter  temperature  and 
transmitted  to  the  computer.  The  pyrometer  was  held  in  position  by  an  attachment  to  the 
diminiode  station  body.  This  attachment  was  designed,  fabricated  and  assembled  using 
accessories  from  old  microscopic  equipment.  An  assembly  drawing  and  detailed  drawings  of  the 
pans  are  provided  in  Appendix  A. 

3.1.3  Output  Loid  Svimn 

The  experimental  setup  described  earlier,  provided  the  overall  view  of  ail  the 
components  associated  with  the  test  instrumentation.  By  far,  the  most  important  elements  are  the 
output  load  circuit  that  was  used  to  load  the  diminiode  and  draw  the  output  and  the  data 
acquisition/processing  sysrem  which  allowed  the  output  data  to  be  accepted,  converted  to  a  digital 
format  and  then  processed  in  the  computer. 

Figure  3.2  is  a  simplified  schematic  of  the  converter  output  load  circuit.  The 
converter  output  voltage  was  measured  across  the  emitter  and  collector  and  fed  directly  to  the 
HP-3852A  acquisition  system  along  with  the  convener  output  current,  which  was  measured 
across  a  shunt  (0.0033  ohms)  resistance. 
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Voltage  Current 


Bitting  of  the  diminiode  wu  accomplished  iter  seven!  triili  u  the  collector- 
guard  circuit  gave  spurious  current  outputs.  Several  difteent  combinations  of  the  circuits  were 
attempted  in  order  to  eliminate  the  possibility  of  getting  exaggerated  current  output 

Tables  3.1,  3.2,  3.3  and  3.4  provide  the  summaries  for  the  four  diffbxent 
configurations  that  were  tested  to  obtain  the  optimum  output  load  circuit  The  operating 

conditions  for  the  diminiode  were  maintained  identical  for  each  of  the  four  configurations  in 

i  I 

order  to  extract  a  meaningful  comparison. 

The  first  configuration  tested  was  with  the  shunt  resistance  on  the  collector  side 
and  with  no  resistance  on  the  Guard  side.  The  appropriate  circuit  to  measure  the  actual 
magnitude  of  the  output  current  would  be  cct.  #2  where  the  Guurd  wu  left  open.  The  current 
output  was  found  to  be  0.73  A.  In  each  of  the  other  three  circuits,  the  collector  shunt  registered 
much  lower  currents  indicating  that  Guard  wu  interfering  with  the  path  of  least  resistance  for 
the  electrons.  These  results  are  presented  in  Table  3.1. 

The  second  configuration  tested  wu  one  with  no  change  on  the  collector  side  but 
with  several  resistances  on  the  Guard  side.  The  output  current  meuured  across  the  collector 
shunt  resistance  was  normal  in  all  the  cues  except  where  small  resistances  were  connected  in 
the  Guard  circuit  seemed  to  interfere  with  that  in  the  collector  circuit.  By  introducing  a  large 
resistance  (2300  ohms)  in  the  Guard  circuit,  more  than  99%  of  the  diode  current  output  wu 
forced  through  the  collector  shunt  resistance.  The  results  of  these  tests  are  indicated  in  Table  3.2. 

Tables  3.3  and  3.4  represent  similar  results  for  the  other  two  configurations  where 
the  shunt  resistance  wu  hooked  up  to  the  electrical  load  output  circuit  on  the  emitter  side  of  the 
load.  The  behavior  wu  similar  to  that  observed  in  the  first  two  configurations,  but  the  cable 
movement  of  the  shunt  from  the  collector  side  to  the  emitter  side  did  not  make  any  difference. 
As  a  consequence  of  these  tests,  future  diminiode  testing  will  be  done  with  a  large  (at  leut  300 
ohms)  resistance  in  the  Guard  circuit  so  that  the  electrons  take  the  path  of  leut  resistance  through 
the  collector  shunt. 
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Table  3.1  Diode  Puffarmanee  with  Shunt  on  the  Collector  Side  and  No  Rebalance  on  the 
Guard  Side. 


TSST  "AHAKETEMi  1)  Tirtlt  Taaeerature  -  1730tt3°C. 

:)  Sautter  Teoeerature  •  1633tl3:C. 

3)  Collector  Teaterature  -  37lt3  C. 

4)  Ceatua  Aeeervojr  Teaaerature  •  168i3°C 


NOMENCLATURE 


(111 

yMK 

{eeh 

?! 

V* 


Vo It ate  aereaa 
-  Currant  aereat 


tuard  ahunt. Volta, 
tuard  ahunt. Aaee. 

Mh  “  Veltat#  aereaa  col  letter  ahunt. Volte. 

-  - eol letter  ahunt.Aaaa. 

the  load  reeiatanee. Volta, 
the  load  reaiatanee.Aaet. 
of  the  diode. Volta. 


Current  aereaa 

-  Vo It ate  aereaa 

-  Current  aereaa 

-  Outtut  vo it ate 


31. w 


Clreuit 


v?ah  *teh  vceh  *cah  vl  li  vce 


.0013  .239  .967  1.29  .977 


.0037  .730  .338  .717  .342 


« 

I 
e 

• 

a  ’< 


.0018  .343  .262  .349  .233 


I  •> 


.0066  1.31  .961  1.28  .973 
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Table  3.2 


Diode  Performance  with  Various  Resistances  on  the  Guard  Side. 


TZST  "ARAKETTRS: 


T*r»t  Taaaaraiura  -  1730tlSaC. 

-•  £aittar  Taworatura  •  1638*135c 
:•)  Coll actor  Taaaaratura  •  578t3°C 
4)  Caaiua  Raaarvoir  Taaaaratura  •  H8tJac 


NOMENCLATURE 


,aah  "  vot5w  aeroat 
/.a*h  "  Curr<nt  «eroaa 
Vcah  "  v«ltata  aeroaa 
t.lh  ‘  Currant  aeroaa 
v;  -  Valuta  acraaa 
t.  -  Currant  aeraaa 
v.#  “  Ouuut  voltata 


tuard  ahunt. Volta, 
vuare  ahunt. Anaa. 
collector  ahunt. Volta, 
coll actor  ahunt. Anaa. 
tha  loan  raaiatanea. Volta, 
tha  lead  raaistanea.Aauo. 
of  tha  dloda. Volta. 


Circuit 

Vtah  :t8h  vcah  ^ah  v’.  l\  V.# 

1 

1 

1 

•09S  .960  .028  .263  .898  1.19  .92S 

1 

1 

ilBH 

i 

.072  .727  .331  .708  .609 

I 

1 

1.33  .001  .071  .713  .526  .701  .397 

1 

I 

Slsas5 

1 

1.38  .003  .072  .723  529  70S  .604 

5 

E 

1 

5 

j»  %M*aaaa 

p  *  aia 

a 

1 

• 

• 

4 

t 

_2 

_  a  iw  iaa  a 

r  ^  wad 

a 

It 

a 

• 

4 

•  841  .433  .049  .478  .669  .892  .723 
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Ttble  3.3  Diode  Perform***  with  Shunt  on  the  Emitter  Side  end  No  Resisunce  on  the  Guard 
Side. 


TEST  PARAMETERS:  U  Target  Teaeerature  -  1730«<13oC. 

2)  Emitter  Temperature  -  1633+13®C. 

3)  Collector  ToaMraturt  •  3780  C. 

4)  Ceaiue  Reaorvoir  Temperature  •  l68O0C 

NOMENCLATURE  -  V  h  -  Voltage  acroae  guard  ahunt. Volte. 

-  Currant  acroae  guard  ahunt. Amea. 

V**"  -  Voltage  acroae  collector  ahunt. Volta, 
l'!?  *  Current  acroae  collector  ahunt. Aaae. 
v,  -  Voltage  aeroaa  the  load  reeietanee. Volte. 

It  -  Current  acroae  the  load  reaiatanee. Ante. 

V*  -  Output  voltage  of  the  diode. Volta. 

31. e|  Circuit  v?gh  IJBh  v«Bh  ICBh  V,  I,  vc# 


WV'-’ 


Table  3.4  Diode  Performance  with  Shunt  on  the  Emitter  Side  and  2.S  k-ohm  Resistance  on  the 
Guard  Side. 


TEST  PARAMETERS:  1)  Tartet  ?ea*erature  •  1730+ IS°C. 

2)  Earner  Temperature  -  l633*i3*C. 

3)  Collector  Teaperature  •  578*3°C. 

4)  Ceaiun  Reaervoir  Teaperature  -  168*3°C 


NOMENCLATURE 


-  Voltava  aereia 

-  Currant  acroaa 

-  Voltage  acroaa 

-  Currant  aeroai 

-  Voltata  aereaa 

-  Currant  acroaa 

-  Output  voltava 


tuard  ahunt. Volta, 
guard  ahunt. Asm. 
collector  ahunt. Volta, 
collaetor  ahunt, Aiwa, 
the  load  reeietance. Volta, 
the  load  reel atanee.Aape. 
of  the  diode. Volta. 


Circuit 


tah  fjah  veah  J:ah  V1  *1  Vc 


.071  .710  .323  .700  .600 


1.31  .001  .072  .730  .333  .713  .613 


1.85  .001  .073  .740  .341  .721  .622 


1.91  .001  .069  .680  .304  .672  .377 


120  1.10  - 


.874  1.17  1.02 
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Bluing  the  diode  wis  accomplished  initially  by  uling  a  variable  resistance  box, 
but  as  this  method  does  not  allow  negative  output  voltages,  it  was  changed  to  a  50V,  60A  DC 
power  supply,  which  was  connected  across  a  water-cooled  load  resistance  through  a  bipolar 
switch.  The  load  resistances  had  to  be  water-cooled  as  they  would  get  heated  up  at  current  levels 
of  5  amps  or  more.  The  water  cooling  was  very  effective  in  restricting  the  temperature  rise 
above  ambient  to  less  than  10*C.  The  bipolar  switch  was  introduced  to  bias  the  diode  with  both 
positive  and  negative  voltages. 

The  disadvantages  of  using  a  setup  such  as  this  for  biasing  the  diminiode  is  that 
it  does  not  take  advantage  of  the  thermal  inertia  properties  of  the  electrode  materials.  Manual 
biasing  resulted  in  a  sudden  change  in  electrode  temperatures  which  had  to  be  brought  back  to 
its  original  level  by  manipulating  the  heaters  and  the  cooling  mechanism  before  further  biasing. 
The  outcome  of  this  was  that  it  took  about  75  minutes  to  complete  a  sweep,  and  at  this  speed 
it  would  be  impossible  to  complete  performance  mapping  for  a  pair  of  electrodes  in  a  reasonable 
period  of  time.  Efforts  are  currently  being  made  to  develop  a  pulsing  mechanism  in  the  form 
of  a  low  duty  voltage  pulse  to  reduce  the  sweeping  period  to  less  than  20  milliseconds.  At  this 
speed,  the  time  taken  is  much  lower  than  the  time  constant  of  the  electrode  material  and  so  there 
is  virtually  no  change  in  the  temperature. 

3.1.4  Pm  Acfluiiiaofl/Prwsaing  Svram 

The  data  acquisidon/processing  system  was  made  up  primarily  by  an  HP-3852A 
data  acquisition  system,  a  Zenith-248  computer  and  a  Graphtec  plotter.  These  were  controlled 
using  ASYST  and  in-house  developed  software  to  acquire  and  process  the  data.  This  subsystem 
will  be  covered  in  greater  detail  in  the  next  section. 

Because  of  the  large  amount  of  data  involved  in  the  study  of  electrical  output 
characteristics  of  the  diminiode,  a  computer  system  was  required  to  control,  collect  and  correlate 
converter  output  data.  The  computer  system  design  for  data  acquisition  and  processing  is  shown 
in  Figure  3.3.  The  entire  system  essentially  consisted  of 
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a)  The  test  apparatus  nude  op  of  the  convener,  DC  power  supply,  toed 

iiiniUlTi  mHIODDDIBMift  lDQ  QDuQi  nvJIaZB^Hi 

m 

b)  The  data  acquisition  lyttem  it  in  HP  model  HP-3832A.  This  tyttem 
included  «  multiplexer,  A/D  convener  tad  tn  integrating  high  ipeed 
voltmeter. 

c)  The  deck  top  PC,  a  Zenith-248  tad  the  applicable  software. 

d)  The  presentation  equipment  which  wai  made  up  of  a  printer  and  Graphtec 
plotter. 


Duiini  testing,  signals  from  the  diode  thermocouple!,  the  pyrometer  and  the  load 
circuit  were  fed  to  the  HP  system.  Theae  signals  were  processed  by  the  HP  and  accessed  by  the 
Z-248  using  ASYST  software.  This  data  was  then  convened  into  the  appropriate  file  format 
necessary  for  use  with  the  Graphtec  plotter.  These  flits  were  then  used  to  produce  the  required 
plots  to  analyze  and  characterize  the  diode. 

3.1.5  ElttWflfi  Qwllai  Syubb 

The  four  major  components  of  the  tben&ionic  diode  system  that  required  coding 
were  the  vacuum  chamber  housing  the  diode,  the  load  reristor,  the  collector,  and  the  cesium 
reservoir.  In  spite  of  the  presence  of  radiation  shields,  there  was  a  lot  of  radiation  beat  input  to 
the  vacuum  chamber  walls  surrounding  the  diode.  This  was  sufficient  to  beat  the  chamber  walls 
to  temperatures  on  the  order  of  300°C  which  was  quite  high  considering  the  thermal  mass 
involved.  For  this  purpose,  the  top  half  of  the  vacuum  chamber  was  made  with  double  wall 
cfwmtction  to  facilitate  the  circulation  of  water.  The  water  conduit  shown  in  Figure  3.4 
essentially  consists  of  a  tapping  from  a  high  pressure  line  with  inlet  and  outlet  valves  and 
instrumentation  to  measure  inlet  and  outlet  temperatures  and  flow  rates.  Compressed  air  lines 
with  pressure  gauges  and  regulators  wire  used  for  cooling  the  collector  and  the  cesium  reservoir. 
An  outlet  for  the  water  and  air  lines  was  provided  on  the  framework  supporting  the  thermionic 
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test  chamber.  All  the  valves  and  pups  were  mounted  on  die  front  panel  board  from  which  the 
various  flows  could  be  monitored  and  controlled 

Figures  3i  through  3.9  provide  the  detailed  electrical  schematics  for  the  filament 
and  high  voltap  control  panel,  the  high  voltage  power  supply,  the  cesium  and  collector  heater 
control  panel  with  a  rear  view  of  the  Relay-Trana  board,  the  signal  cycler  board  and  safety 
interlock  circuit  respectively.  As  many  details  as  possible  were  provided  on  these  schematics 
including  color  codes  for  the  wiring  so  that  they  can  be  easily  understood  by  anyone  interested 
in  setting  up  similar  electrical  circuits. 

Every  single  system  was  initially  dismantled  and  rewired  to  follow  a  strict  color 
coding  for  all  the  wires.  The  wiring  diagrams  so  generated  also  helped  in  understanding  die 
functions  of  various  sub-components  that  were  key  controlling  elements  in  the  entire  structure. 
As  the  two  diminiode  stations  an  identical,  only  one  system  was  stripped  off  all  the  wiring  while 
retaining  the  other  system  operational.  Several  associated  components  that  were  either  outdated 
or  obsolete  were  redesigned  and  equipped  with  newer  components. 

3.2  The  TECQ  Piote  Sutton 

The  TECO  diode  station,  so  called,  because  it  was  used  to  test  the  thermionic  performance 
of  a  fixed  gap  diode  manufactured  by  Thermo  Election  Coiporadon  had  an  etched  Rhenium 
emitter  and  a  Niobium  collector.  In  this  configuration,  die  cesium  reservoir  was  located  at  the 
bottom  of  the  collector  region  and  was  provided  with  a  heater  and  a  copper  disk  with  copper 
water  cooling  conduits  that  provided  die  necessary  cooling  mechanism  by  heat  conduction.  Both 
air  and  water  codling  conduits  ware  provided  for  cooling  the  cesium  reservoir  as  well  as  the 
collector.  While  the  water  cooling  system  was  very  similar  to  that  of  the  diminiode  test  stations, 
the  air  cooling  system  shown  in  Figure  3.10,  was  designed  for  compressed  air  as  well  as  Argon 
gas  circulation. 
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Cycles  Board. 


DIODE  STATION  NO.  3  SAFETY  INTERLOCK  CMCtNT 


40 


AIR/GAS  COOLING  SYSTEM  SCHEMATIC 


Ht 


41 


Figure  3.10  Air  Cooling  System  Schematic  for  the  TECO  Diode  Station. 


An  ion-pumped  vacuum  ayitem  provided  a  vacuum  of  lest  than  lC’  torr  for  the  chamber 
housing  the  diode.  The  emitter  was  heated  by  electron  bombardment  using  a  pancake  type 
tungsten  filament  which  was  initially  heated  with  an  alternating  current  power  supply.  In  this 
case  an  emitter  temperature  controller  was  used  in  conjunction  with  the  electron  bombardment 
power  supply  in  order  to  control  the  temperature  of  the  emitter.  The  W-Re  thermocouple  output 
was  directly  fed  to  the  temperature  controller  which,  in  turn,  controlled  the  power  input  to  the 
filament  as  well  as  the  bombardment  power.  This  emitter  temperature  controller  will  eventually 
be  run  by  the  computer  so  that  change  in  emitter  temperatures  between  tests  can  be  accomplished 
automatically.  The  collector  and  cesium  reservoir  were  also  provided  with  temperature 
controllers  getting  their  input  from  Chromel- Alurael  thermocouples.  The  output  load  circuit  was 
similar  to  that  used  in  the  diminiode  test  stations  except  that  in  this  case  co-axial  cable 
connections  were  provided  so  that  an  oscilloscope  and  a  signal  generator  could  be  incorporated 
in  the  same  circuit  at  a  later  date, 

3.3  Diode  Processing  Station 

This  is  a  multipurpose  vacuum  chamber  that  can  be  used  to  fill  cesium  in  a  diode  and  seai 
it  and  then  conduct  a  performance  test  on  the  same  diode  to  determine  the  output  current  density 
and  output  voltage  at  various  operating  temperatures.  The  diode  processing  station  is  not  fully 
equipped  as  yet  but  the  equipment  and  components  are  being  ordered  and  the  entire  system  is 
currently  being  assembled.  However,  the  functions  of  this  system  have  been  described  in  the 
following  paragraphs. 

3-3.1  Vacuum  Processing  the  Piminiode 

To  minimize  costly  time-consuming  bake-out  cycles,  the  multipurpose  vacuum 
chamber  facilitates  all  operations  remaining  to  finish  the  diminiode.  In  this  chamber  following 
oniy  one  pump-down,  the  diminiode  made  of  baked-out  components  undergoes  a  final  high- 
temperature  degassing,  internal  and  external  pyrometry,  and  fusion  sealing  after  the  cesium 
capsule  insertion.  The  cesium  itself  is  an  off-the-shelf  component  like  the  other  interchangeable 
pans  of  diminiodes.  U  comes  in  baked-out,  brazed-shut,  breakable  molybdenum  vials.  One  of 
these  ampules,  a  degassed  tantalum  ball,  and  a  diminiode  go  into  the  station  before  its  closure. 
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Then,  after  the  pump-down  and  degasaing  at  4S0°C  to  below  Iff*  torr,  the  diminiode  enters  the 
final  stages  of  processing. 

As  electron  bombardment  heats  the  emitter  assembly,  continual  thermal  sensing 
and  coolant  adjustments  bring  the  diminiode  to  predetermined  bake-out  conditions.  That  state 
depends  on  the  electrodes,  their  brazes  (if  any),  and  the  insulator  limit  (1400  K).  During  the 
temperature  rise,  the  pyrometric  cavity  in  the  emitter  allows  calibrations  of  the  tungsten-lined 
external  black-body  hole  and  the  high-temperature  thermocouple.  The  relation  between  these 
temperatures  depends  on  the  heat-flow  rate,  too.  So  the  calibrations  are  comprehensive.  Of 
course,  the  outer  black-body  hole  then  permits  emitter-temperature  calibrations  subsequent  to 
closing  the  diminiode.  This  capability  enables  checking  output  shifts  of  the  high-temperature 
thermocouples,  adapdng  a  photo-multiplier  tor  total-radiation  measurements  or  using  automatic 
pyrometry. 


While  the  diminiode  is  at  maximum  degassing  temperatures,  electron  bombardment 
of  the  open  end  of  the  reservoir  to  just  below  the  melting  point  of  the  copper-foil  insert  prepares 
it  for  the  brazed  closure.  Following  this  part  of  the  bake-out,  cooling  gives  a  downward 
calibration  to  check  the  upward  one. 

Next,  magnetically  pulling  the  lower  pin  in  the  guide  tube  drops  the  cesium 
capsule  into  the  diminiode  reservoir.  If  the  pressure  rises,  another  brief  bake-out  removes 
contaminants.  The  same  process  follows  the  release  of  the  previously  degassed  tantalum  sphere, 
which  iodges  in  the  funnel  opening  of  the  side  tube.  Then  electron  bombardment  brazes  this  ball 
in  the  end  of  the  reservoir  with  copper.  And  the  diminiode  is  complete. 

3.3.2  Cesium  Reservoir  Sealing  Technique 

As  mentioned  earlier,  the  diode  processing  station  was  intended  for  filling  cesium 
and  sealing  the  cesium  reservoir  shut  with  a  Tantalum  ball  and  a  braze  alloy  ring.  As  the 
laboratory  was  not  equipped  to  fabricate  diodes,  a  simulated  structure  was  designed  so  that  the 
operating  parameters  could  be  controlled  and  optimized  for  maximum  weld  penetration  depth. 
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acnrauy. 

DIODE  TESTING  PROCEDURE 


The  basic  test  procedure  essentially  involves  completing  one  sweep  of  bias  voltage  to 
cause  ignition  and  then  de-ignition  at  constant  electrode  temperatures  which  are  designated  as  the 
primary  variables.  Since  the  Lanthanum  Hexaboride  diminiode  was  tested  for  performance 
verification  as  well  as  primary  variables  optimization,  the  procedures  for  these  two  types  of  tests 
have  been  provided  separately. 


4.1  Performance  Verification  Testini 

The  vacuum  level  was  brought  down  to  10'7  torr  or  better  after  initial  assembly  of  the 
diminiode  inside  the  vacuum  chamber.  The  filament  was  then  heated  up  to  about  100  watts  AC, 
before  providing  a  bombardment  power  supply  of  1000  watts  DC.  The  bombardment  power  was 
adjusted  till  the  required  emitter  temperature  was  obtained.  The  collector  and  cesium  reservoir 
temperatures  were  then  maintained  at  900  K  and  460  K  respectively.  The  data  acquisition  and 
processing  systems  were  then  activated  using  the  ASYST  program.  Once  the  temperatures  had 
stabilized,  the  diode  was  biased  with  a  positive  bias  voltage  of  +2  V.  The  bias  voltage  was  then 
changed  to  a  lower  value  and  the  temperatures  adjusted  once  again  and  the  output  data  such  as 
current  and  voltage  were  recorded.  This  was  repeated  till  a  full  cycle  of  biasing  was  completed 
and  at  least  30  data  points  were  obtained.  The  data  files  were  then  converted  to  a  format  that 
could  be  used  directly  with  the  Graphtec  plotter,  to  plot  the  output  current  density  and  the  output 
power  density  characteristics.  The  emitter  temperature  was  then  changed  with  the  same  collector 
and  cesium  reservoir  temperatures  and  the  biasing  process  repeated  till  all  the  characteristics  were 
obtained. 


4.2  Primary  Variables  Optimization 

To  determine  the  optimum  characteristics  of  the  NASA  LaBs  diminiode,  the  condensed 
procedure  listed  below  was  followed. 
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1)  Using  the  test  procedure  outlined  in  :ttie  preceding  secnooi  hold  emitter  and 
collector  emperatures  constant. 

2)  Vary  cesium  reservoir  temperature  (350-550  K). 

3)  Obtain  optimum  cesium  reservoir  temperature. 

4)  Using  the  outlined  procedure,  hold  emitter  temperature  constant  and  cesium 
reservoir  temperature  at  optimized  value. 

5)  Vary  collector  temperature  (700-1000  K). 

6)  Obtain  optimum  collector  temperature. 

7)  Using  the  outlined  procedure,  hold  collector  and  cesium  reservoir  temperatures  at 
optimum  values. 

8)  Vary  emitter  temperature  ( 1400*1700  K). 

9)  Obtain  optimum  emitter  temperature. 

10)  Repeat  1)  thru  9)  iteratively  to  optimize  all  temperatures  ami  obtain  peak  power 
density. 


SECTOP  y 

RfiayLHA^.BI&CUSSIOMS 


5.1  Thermionic  Emission  Characteristics  from  Lanthanum  Hexaboride 

The  experimental  thermionic*  program  at  the  Aero  Propulsion  Laboratory  of  WPAFB  was 
initiated  with  the  acquisition  of  two  diminiode  test  stations,  a  TECO  diode  test  station  and  a 
diode  processing  station  from  NASA,  LeRC  through  Arizona  State  University.  The  twin 
diminiode  test  stations  have  been  refurbished  with  new  cooling  systems,  a  new  data 
processing/acquisition  system  and  an  output  load  circuit  with  a  biasing  power  supply.  The  HP* 
3852A  data  acquisition  system  is  capable  of  handling  100,000  readings/sec,  and  has  a  built-in 
multiplexer  •  A/D  converter.  It  interfaces  with  a  Z-248  PC  that  controls  the  operations  with  the 
ASYST  program.  Steady  state  tests  on  diminiodes  are  currently  being  conducted  manually  by 
controlling  the  electrode  and  cesium  reservoir  temperatures  using  their  respective  cooling  and 
heating  systems,  between  data  points.  Efforts  are  currently  directed  towards  developing  an 
automated  pulse  generating  circuit  to  sweep  (voltage)  the  diminiode  and  generate  an  ignited  mode 
J-V  characteristic  in  less  than  5  msecs  thereby  taking  advantage  of  the  convener’s  thermal  inertia 
properties. 

Performance  verification  tests  were  conducted  on  a  planar  diminode  with  sintered 
Lanthanum  Hexaboride  as  the  emitter  material  and  arc  melted  Lanthanum  Hexaboride  as  the 
collector  material.  The  primary  and  secondary  parametric  variable  conditions  were  obtained  from 
a  NASA  repon  published  earlier.  It  was  found  that  the  performance  of  the  diode  was  well  in 
agreement  with  similar  characteristics  generated  earlier.  Optimization  tests  by  varying  primary 
variables  revealed  that  the  operating  point  with  maximum  power  density  has  a  small  shift  with 
reference  ro  the  cesium  reservoir  temperature.  After  the  completion  of  the  performance 
optimization  tests,  the  experimental  characteristics  were  characterized  by  using  a  1-D  Thermionic 
Energy  Conversion  code,  originally  developed  by  Dr,  Geoffrey  Main  from  Georgia  Tech.  An 
attempt  was  made  at  simulating  the  optimized  experimental  characteristics  using  the  computer 
code.  It  was  found  that  there  was  good  correspondence  between  experimental  and  analytical 
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results  for  moderate  values  of  cesium  pressure,  but  significant  deviations  were  observed  for  large 
values  of  C s  pressure  (>10  torr)  and  very  small  values  of  Cs  pressure  (<1.0  tore). 

5.1.1.  Verification  of  Performance 

a)  Original  Results  Obtained  at  NASA  LeRC 

Figure  5.1  shows  the  output  current  density  and  output  power  density 
characteristics  of  the  Lanthanum  Hexaboride  diminiode  as  obtained  at  NASA  LeRC  and 
published  in  Reference  l.  These  characteristics  were  generated  at  optimum  cesium  reservoir  and 
optimum  collector  temperatures.  These  optimum  temperatures  were  850  K  for  the  collector  and 
440  K  for  the  cesium  reservoir  respectively.  The  emitter  temperature  was  varied  from  1500  K 
to  1700  K  at  intervals  of  50°C.  The  maximum  output  power  was  5.29  W/cmJ  at  an  output 
voltage  of  0.45  V  and  an  emitter  temperature  of  1700  K.  Though  the  peak  power  occurred  at 
an  output  voltage  of  0.45  V.  the  most  efficient  operation  of  the  Lanthanum  Hexaboride  diminiode 
occurred  at  0.75  V  and  5  AJcm1  (3.8  W/cm1).  There  the  work  function  of  the  1700  K  emitter 
was  less  than  2.64  eV.  the  Barrier  Index  was  about  1.9  V  and  the  calculated  efficiency  for 
optimum  leads  was  16  percent  However,  back  emission  data  were  not  available  or  this  would 
have  facilitated  the  determination  of  the  collector  work  function.  These  were  the  results  that 
were  targeted  in  the  effon  to  verify  the  performance  of  the  Lanthanum  Hexaboride  diminiode 
after  it  was  set  up  at  AFWAL/WPAFB. 

b)  Performance  Verification 

As  indicated  earlier,  after  several  attempts,  the  output  load  circuit  was 
finalized  so  that  the  diminiode  could  be  driven  with  a  positive  as  well  as  a  negative  bias  voltage. 
Figure  5.2  indicates  a  typical  comparison  of  the  NASA  LeRC  test  results  (NASA)  as  well  as  the 
AFWAL/WPAFB  test  results  for  the  Lanthanum  Hexaboride  diminiode  for  an  emitter  temperature 
at  1700  K.  The  NASA  results  were  obtained  from  the  source  indicated  in  Figure  5.1,  and  the 
AFWAL  data  points  were  the  actual  experimental  data  points  acquired  after  setting  up  the 
diminiode  station  at  the  Aero  Propulsion  Laboratory  (APL)  of  AFWAL/WPAFB.  Tests  were 
repeated  for  all  the  five  emitter  temperatures  but  only  a  representative  characteristic 
corresponding  to  an  emitter  temperature  of  1700  K  has  been  indicated.  The  collector  was  figure 
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Figure  S.l 


Output  Current  Density  and  Output  Power  Density  •  NASA  Characteristics. 
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maintained  at  900  K,  and  the  cesium  reservoir  was  maintained  at  460  K  for  this  test  The 
corresponding  target  temperature  was  176S  K.  As  seen  in  Figure  5.2,  there  was  excellent 
correspondence  between  the  two  sets  of  data  points  as  exhibited  by  the  respective  changes  in 
output  current  density  with  change  in  output  voltage.  Sufficient  information  was  not  available 
to  compare  the  data  at  every  point  on  the  characteristic  such  as  at  ignition,  after  de-ignition,  the 
open  circuit  voltage,  etc.  As  a  result  only  the  AFWAL  DATA  characteristic  display  the  key 
points  such  as  ignition  and  de-ignition.  Though  de-ignition  was  not  sharply  defined,  the  fact  that 
it  did  occur  was  clearly  obvious  by  the  evidence  that  the  current  densities  followed  the  same 
magnitude  before  ignition  and  after  de-ignition  above  an  output  voltage  of  0.8  V.  The  open 
circuit  voltage  was  found  to  be  1.55  V  and  the  shon  circuit  current  density  was  25.5  A/cm2. 

There  was  close  correspondence  between  the  two  sets  of  data  points  as  far 
as  the  variation  of  power  density  with  output  voltage  was  concerned.  However,  it  was  found  that 
there  was  a  sl*;ht  shift  in  the  output  voltages  at  which  the  power  density  characteristics  peaked. 
This  discrepancy  is  most  likely  a  consequence  of  the  fact  that  the  biasing  was  manual  for  the 
tests  conducted  at  AFWAL  whereas  it  was  automated  for  those  conducted  at  NASA  LeRC.  This 
makes  a  lot  of  difference,  specially  in  the  assumption  that  the  electrode  temperatures  remain 
constant  during  the  sweep,  which  is  not  quite  true  for  manual  biasing.  Thus  there  is  a  possibility 
that  a  small  change  in  temperature  between  data  points  resulted  in  the  power  density  peaks 
occurring  at  different  output  voltages.  The  verification  tests  were  conducted  at  five  different 
emitter  temperatures  in  the  range  of  1500  K  to  1700  K.  A  summary  of  the  important  parameters 
for  the  performance  tests  are  shown  in  Table  5.1. 

5.1.2  Multi-Stage  Cesium  Reservoir  Temperature  Optimization 

The  performance  from  every  pair  of  electrodes  in  a  new  diode  has  to  be  opdmized 
with  respect  to  the  cesium  reservoir  temperature,  the  collector  temperature  and  the  eminer 
temperature  in  order  to  arrive  at  the  optimum  design  point  at  which  this  diode  will  operate  if  it 
were  to  be  used  in  a  thermionic  reactor.  The  optimization  for  each  parametric  temperature  is 
done  iteratively  till  the  temperature  corresponding  to  peak  performance  is  obtained.  This  section 
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Table  5.1  Summary  of  important  Parameien  far  the  Performance  Tests  on  the  Lanthanum 
Hexaboride  Diode. 
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provides  the  details  on  the  multi-stage  cesium  reservoir  temperature  optimization  and 
recommends  the  optimum  cesium  reservoir  temperature. 

a)  Preliminary  Optimization 

The  data  in  Figures  5.3  and  5.4  have  been  presented  to  reflect  the 
dependence  of  the  output  •  current  and  output  •  power  characteristics  on  the  cesium  reservoir 
temperature.  Figure  5.3  includes  a  family  of  current  •  density  characteristics  where  the  cesium 
reservoir  temperature  was  varied  from  350  K  to  550  K  with  the  emitter  temperature  fixed  at  1700 
K  and  the  collector  temperature  fixed  at  900  K.  As  seen  in  the  figure,  the  current  densities 
increased  with  increase  in  cesium  reservoir  temperature  initially  but  then  decreased  above  a 
reservoir  temperature  of  485  K,  in  the  positive  quadrant.  The  slope  of  the  Boltzmann  line 
changed  but  the  overall  current  and  power  densities  decreased.  This  is  also  observable  from 
Figure  5.4  which  represents  the  power  densities  as  a  function  of  the  diminiode  output  voltage. 

The  family  of  curves  in  Figure  5.4  defines  an  envelope  curve,  i.e.,  a  curve 
that  is  tangent  to  all  characterisdcs  of  the  family.  This  envelope  curve  shown  in  Figure  5.5 
which  is  technically  termed  the  optimized  output  -  current  density  characteristic  with  respect  to 
the  cesium  reservoir  temperature  is  called  an  optimum  characteristic  because  for  given  fixed 
parameters  and  electrode  output  voltage,  this  characteristic  yields  the  maximum  output  current 
density  that  can  be  achieved  by  varying  the  cesium  reservoir  temperature.  In  other  words,  all 
possible  operating  data  points  can  only  lie  below  this  envelope  no  matter  what  the  value  of  the 
cesium  reservoir  temperature.  The  cesium  pressure  at  each  point  of  the  optimized  characteristic 
equals  that  of  the  output  -  current  density  characteristic  tangent  to  the  envelope  at  the  point  in 
question.  For  relatively  low  output  voltages,  the  points  of  tangency  are  on  the  ignited  mode 
branches  of  the  output  -current  density  characteristics.  This  implies  that  at  these  voltages,  the 
performance  achieved  by  the  unignited  mode  is  better  than  that  of  the  ignited  mode. 

Optimized  output  current  density  characteristics  can  also  be  presented  as 
optimized  electrode  or  terminal  output  -  power  density  characteristics.  This  is  done  by  plotting 
the  product  of  current  density  and  the  voltage  of  points  on  the  envelope  versus  the  diminiode 
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CESIUM  OPTIMIZED  OUTPUT  CHARACTERISTICS 

(Lanthanum  Hexaboride  Diminiode  Output) 
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Figure  5.3  Output  Currem  Density  Characteristics  for  Various  Cesium  Reservoir 

Temperatures. 


CESIUM  OPTIMIZED  OUTPUT  CHARACTERISTICS 

(Lanthanum  tlexabor  I  de  Di  mini  ode  Output) 
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Figure  5.4  Output  Power  Density 


optimized  current  density  characteristic  in  Figure  5.5  is  shown  in  Figure  S.6.  The  cesium 
jpnmized  power  density  characteristic  was  found  to  peak  at  0, 395  volts.  The  significance  of  this 
peak  is  that  from  a  design  point  of  view,  if  this  diminiode  were  to  operate  at  an  emitter 
temperature  of  1700  K  and  a  collector  temperature  of  900  K,  the  best  output  can  only  be  obtained 
by  operating  the  diminiode  at  the  optimum  cesium  reservoir  temperature  and  an  output  voltage 
of  0.395  volts. 


b)  Optimum  Cesium  Reservoir  Temperature 

The  current  density  characteristics  in  Figure  5.3  only  indicate  that  the 
optimum  cesium  reservoir  temperature  lies  somewhere  between  480  K  and  520  K  but  does  not 
narrow  down  the  range  any  further  to  yield  a  better  value.  In  order  to  narrow  down  this  broad 
range  from  40°C  to  10°C  or  better,  the  short  circuit  current  density  and  the  peak  power  density 
for  each  cesium  reservoir  temperature  were  plotted  as  a  function  of  a  nondimensional 
temperature.  These  plots  are  indicated  in  Figure  5.7  where  the  nondimensional  temperature  was 
chosen  as  the  ratio  of  emitter  temperature  to  the  cesium  reservoir  temperature.  Ideally,  the  short 
circuit  current  density  and  the  peak  power  density  are  expected  to  peak  at  the  same 
nondimensional  temperature  but  there  may  be  a  shift  in  the  peaks  as  the  cesium  reservoir 
temperatures  at  which  the  tests  were  conducted  were  not  very  close  together.  As  seen  in  Figure 
5.7,  the  short  circuit  current  density  plot  peaks  at  a  nondimensional  temperature  of  6.8  whereas 
the  peak  power  density  plot  peaks  at  7.2.  Thus,  there  is  a  small  bandwidth  in  the  cesium 
reservoir  temperature  variation,  that  translates  to  477  ±  6  K.  If  the  criterion  for  maximum 
performance  is  peak  power  density,  then  the  diominiode  should  be  operated  with  the  cesium 
reservoir  temperature  at  the  higher  level. 

0  Enairial  Edetmnihin  Between  Power  Density  and  Output  Voltage  for 

rfiii)flm  flaiaiiitiflft 

The  peak  power  densities  for  the  plot  in  Figure  5.7  were  obtained  by 
simulating  curve  fits  for  each  one  of  the  power  density  characteristics  in  Figure  5.4  over  a 
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ENVELOPE  FOR  THE  CESIUM  OPTIMIZED  FAMILY 

(Luiiliina*  lltiilirlJd  Dl  mini  ode  Output) 
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SHT.  CCT.  CURRENT  &  PEAK  POWER  DEN. 

(CESIUM  RESERVOIR  TEMPERATURE  OPTIMIZATION) 
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age;  range  of  0.00  to  +  0,75  volts.  A  summary  ofthi  equations  (with  minimum  errors)  that 
resulted  from  the  curve  fitting  along  with  the  error  limits  is  provided  below. 


a) 


b) 


c) 


d) 


e) 


ft 


8) 


TR  =*  350  K 

P  =  5.488(V)2  -  10.7199(V)2  +  6.5094(V)  -  0.0073  (5 

Maximum  error  ■  6.75% 

T„  -  390  K 

P  «  233.898(V)4  -  1 16.1461(V)S  -  22.2763(V)4  +  13.6685(V)J 
-  15.8978(V)2  +  12.2152(V)  -  0.0099  (5 

Maximum  error  *  0.0093% 


T„  =  420  K 

P  *  4.5541(V)J  -  23.58 18(V)a  +  18.1602(V)  +  0.002 
Maximum  error  *  -  1.632% 

T*  *  450  K 

P  -  -136.918(V)6  +  65.484(V)5  •  2.6845(V)4  +  5.1515(V)* 
-  29.61 1(V)2  +  24.445CV)  •  0.0063 
Maximum  error  ■  -0.013% 


TR  «  480  K 

P  -  -159.057(V)#  -  30.1783(V)5  +  70.2534(V)4  +  10.901(V)1 
-  43.8937(V)2  +  27.81 17(V)  -  0.0023  (5.5) 

Maximum  error  *  -1.549% 


T„  =  520  K 

P  »  646.1684(V)*  -  155.3342(V)5  -  104.7557(V)4  +  23.487(V)J 
-  46.4499(V)2  +  24.032(V)  -  0.0055  (5.6) 

Maximum  error  -  0.0077% 

TR  =  550  K 

P  -  1047.7726(V)J  -  73.8637(V)4  +  173.1835(V)J  -  53.5009(V)2 
+  9.3878(V)  +  0.0112  (5.7) 

Maximum  error  ■  6.501% 
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In  equations  5.1  through  5.7,  P  represents  the  power  density  in  wattsW.  T*  represents  the 
cesium  reservoir  temperature  and  V  represents  the  diminiode  output  voltage  in  volts.  Bach  one 
of  these  equations  was  used  in  a  BASIC  program  to  compute  the  maximum  power  density  for 
each  cesium  reservoir  temperature. 

d)  Bail  Stitt  of  ftaua  Rturvar  Tcrawinirc  Qrtmiation 

The  results  at  the  second  stage  cesium  reservoir  temperature  performance 
optimization  tests  are  shown  in  Figures  5.8  and  5.9.  Figure  5.8  indicates  the  output  current 
density  characteristics  as  a  function  of  the  output  voltage  for  various  cesium  reservoir 
temperatures.  During  these  cesium  reservoir  temperature  optimization  tests,  the  collector 
temperature  was  maintained  at  885  K  and  the  emitter  temperature  at  1700  K.  It  was  found  that 
the  maximum  shore  circuit  cunent  density  occurred  with  a  cesium  reservoir  temperature  of  500 
K  but  this  was  just  about  1  A/cm2  (or  less)  more  than  the  corresponding  value  at  475  K. 
However,  as  seen  in  Figure  5.9  which  are  the  corresponding  plots  for  the  power  density  as  a 
function  of  output  voltage,  the  plot  for  a  cesium  reservoir  temperature  of  485  K  has  a  higher  peak 
power  density  than  the  plot  for  495  K.  This  observation  together  with  the  fact  that  the  spread 
in  the  experimental  data  exceeds  ±0.5  A/cm2  provides  sufficient  evidence  that  the  optimum 
cesium  reservoir  temperature  lies  in  the  vicinity  at  485  K. 

5.1.3  Multi-Sim  gflllsact  Tsmwanm  Wmiaaon 

a)  ggltot  Tcawnnm  flatimiafea 

Figures  5.10  and  5.11  represent  the  collector  optimized  output  current 
density  and  output  power  density  characteristics  respectively.  As  indicated  in  the  figures,  the 
emitter  temperature  was  maintained  at  1700  K,  the  cesium  reservoir  temperature  was  maintained 
at  485  K  while  the  collector  temperature  was  varied  from  750  K  to  1020  K.  As  in  the  cesium 
reservoir  temperature  optimization  the  current  densities  in  the  positive  output  quadrant  increased 
with  increase  in  the  collector  temperature  to  about  900  K  and  then  started  dropping  for  high 
collector  temperatures.  The  slope  of  the  Boltzmann  line  however  did  not  indicate  a  significant 
change  as  in  the  cesium  reservoir  temperature  optimization.  Further,  the  variation  in  current 
densities  over  the  entire  collector  temperature  range  is  very  small  compared  to  the  corresponding 
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COLLECTOR  OPTIMIZED  OUTPUT  CHARACTERISTICS 
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variation  in  the  cesium  reservoir  temperature  optimization.  This  implies  that  the  cesium  reservoir 
temperature  has  a  great  effect  on  the  output  characteristics  of  the  diminiode  in  the  concerned 
temperature  range. 


As  seen  in  Figure  3.10  there  is  significant  back  emission  for  collector 
temperatures  above  950  K.  This  back  emission  not  only  causes  the  difference  in  work  functions 
between  the  emitter  and  collector  to  change  but  also  reduces  conduction  of  electrons  due  to  the 
extra  intermolecular/interpanicie  collisions.  Thus  there  is  a  detrimental  effect  in  increasing  the 
collector  temperature  indefinitely  in  that  the  overall  power  output  comes  down  significantly.  The 
changes  caused  by  changing  the  collector  temperature  for  given  values  of  emitter  and  cesium 
reservoir  temperature  are  more  easily  discernible  in  Figure  5.11,  in  the  region  where  the  power 
density  characteristics  peak  out. 

The  optimized  electrode  output  current  density  characteristic  envelope  with 
respect  to  the  collector  temperature  is  shown  in  Figure  5.12.  The  corresponding  optimized 
electrode  output  power  density  characteristic  envelope  with  respect  to  the  collector  temperature 
is  shown  in  Figure  5.13.  Both  these  envelopes  represent  the  best  possible  output  parameters  for 
a  given  emitter  and  cesium  reservoir  temperature.  All  possible  operating  points  can  only  lie 
within  the  envelope  regardless  of  how  high  the  collector  temperature  could  be  increased.  The 
collector  optimized  power  density  characteristic  was  found  to  peak  at  about  0.39  volt  which 
would  be  the  optimum  design  operating  point  for  a  Lanthanum  Hexaboride  diminiode  with  an 
emitter  temperature  of  1700  K  and  a  cesium  reservoir  temperature  of  485  K. 

b)  Optimum  SqUbm  IsmaBaaia 

Figure  5.14  indicates  the  variation  of  the  short  circuit  current  density  and 
the  peak  power  density  with  the  collector  temperature  which  in  this  case  has  been  built  into  a 
nondimensional  temperature,  T*.  The  nondimensional  temperature  is  the  ratio  of  the  emitter 
temperature  to  the  collector  temperature.  The  short  circuit  current  density  was  found  to  peak  at 
a  non-dimensional  temperature  of  2.356  while  the  peak  power  density  peaked  at  2.31.  This 
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Figure  5.13  Optimized  Electrode  Output  Power  Density 


translates  to  a  collector  temperature  range  of  612±6°C.  The  band  width  for  performance  with 
the  optimum  collector  temperature  it  clearly  shown  in  Figure  3.14. 


Figure  3.15  represents  the  output  current  density  characteristics  of  the 
second  stage  collector  temperature  opdmizadon  tests.  From  the  shott  circuit  current  density 
values  for  the  various  collector  temperatures,  the  maximum  short  circuit  current  density  occurs 
with  the  collector  at  835  K.  Howe  x,  in  Figure  5.16  there  is  a  sharp  drop  in  power  density  at 
this  temperature  above  0.4  volt  This  sharp  drop  is  not  observed  at  higher  temperatures  and 
given  the  spread  in  the  experimental  data,  die  most  likely  value  of  optimum  collector  temperature 
would  be  870  K.  Any  more  accuracy  in  arriving  at  the  optimum  temperatures  can  only  be 
obtained  with  high  frequency  data  points  generated  with  a  20* ms  sweep. 


The  emitter  temperature  optimization  test  on  the  Lanthanum  Hexaboride  diminiode 
was  conducted  with  constant  collector  and  cesium  reservoir  temperatures  of  885  K  and  477  K 
respectively.  The  emitter  temperature  was  varied  from  1450  K  to  1700  K.  The  lower  limit  on 
this  temperature  was  based  on  the  fact  that  there  was  practically  no  posidve  output  current  below 
1400  K,  and  the  upper  limit  was  based  on  the  material  bonding  strength.  The  emitter  is  hot 
pressed  to  the  tantalum  target  and  the  bonding  is  weakened  above  1750  K  partly  because  of  the 
thermal  expansion  mismatch  and  partly  because  of  the  high  reactivity  of  Lanthanum  Hexaboride. 
Figure  5.17  represents  the  current  density  characteristics  for  the  various  emitter  temperatures. 
As  seen  in  the  figure,  the  highest  current  densities  were  obtained  with  the  emitter  at  1700  K.  On 
the  way  towards  a  negative  bias  voltage,  ignition  occurs  earlier  at  a  higher  emitter  temperature 
indicating  that  the  emitter  temperature  plays  an  important  part  in  the  bulk  or  volume  ionization 
of  cesium  atoms.  The  collector  was  maintained  at  885  K  and  the  cesium  reservoir  was 
maintained  at  477  K,  their  respective  optimized  temperatures.  Figure  5.18  represents  the 
optimized  electrode  output  current  density  characteristic  envelope  with  respect  to  emitter 
temperature. 
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Figure  5.15  Final  Singe  Collector  Temperature  Optimized  Output 
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EMITTER  OPTIMIZED  OUTPUT  CHARACTERISTICS 
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Figure  5.17  Output  Current  Density  Characteristics  for  Various  Emitter  Tei 


Figure  5.19  represents  the  output  power  density  characteristics  and  Figure  5.20 
represents  the  optimized  electrode  output  power  density  characteristic  envelope  with  respect  to 
emitter  temperature.  These  figures  show  that  the  peak  power  density  occurs  at  about  0.45  volt. 
In  on  earlier  series  of  collector  temperature  optimization  tests,  the  peak  occurred  at  0.39  volt. 
By  repeated  iterations  of  optimization  one  can  finally  arrive  at  a  design  parameter  for  the 
diminiode  output  voltage  at  which  peak  emission  occurs.  The  broken  line  in  Figure  5.20 
indicates  that  portion  of  the  power  density  envelope  that  would  have  existed  had  ignition  in  all 
cases  of  emitter  temperature,  occured  above  0  volt 

Figure  5.21  indicates  the  variation  of  short  circuit  current  density  and  peak  power 
density  as  a  function  of  the  nondimensional  temperature,  T.  The  nondimensional  temperature 
is  the  ratio  of  the  maximum  emitter  temperature  (1700  K)  to  the  emitter  temperature  for  a  given 
test.  The  slopes  of  the  two  plots  indicate  that  there  might  have  been  a  peak  at  a  temperature 
greater  than  1700  K,  but  due  to  material  bonding  limitations,  it  was  not  advisable  to  go  to  higher 
temperatures.  Thus,  for  all  practical  purposes  the  optimized  emitter  temperature  was  found  to 
be  1700  K.  Multi-stage  optimization  was  not  conducted  in  this  case  because  of  the  temperature 
restraint  above  1700  K. 

5.1.5  Ignition  and  De-Ianidon  Studies 

Tests  were  conducted  on  the  LaB,  diminiode  in  order  to  determine  the  current 
density  and  output  voltage  before  and  after  ignition.  The  results  of  these  tests  are  indicated  in 
Table  5.2.  Since  the  sequence  of  tests  was  not  completed,  no  grapliic  representations  have  been 
provided  As  seen  in  the  table,  the  voltage  at  which  ignition  occurs  increases  with  increase  in 
emitter  temperature  which  is  expected  and  normal.  The  current  density  also  increases  with 
increase  in  emitter  temperature  bet  not  as  sharply  as  the  rise  in  voltage. 

/ 

Figure  5.22  gives  the  experimental  data  as  well  as  the  linear  approximation  for  the 
variation  of  ignition  voltage  before  and  after  ignidon  with  variation  in  emitter  temperature.  The 
emitter  temperature  was  varied  from.  1400  K  to  1700  K.  Higher  temperatures  could  not  be 
attained  as  a  result  of  the  bonding  strength  deterioration  between  the  emitter  and  target.  The 
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EMITTER  OPTIMIZED  OUTPUT  CHARACTERISTICS 

(Emitter  Temperature  Optimization  for  La66  Diminiodei 


Figure  5.19  Output  Power  Density  Characteristics  for  Various  Emitter  Temperatures. 
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Figure  5.20  Optimized  Electrode  Output  Power  Density  Characteristic  Envelope  for 
Er, titter  Temperature. 


SHT.  CCT.  CURRENT  &  PEAK  POWER  DEN. 
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Table  5.2  Ignition  Point  Current  Densities  and  Output  Voltages  for 
Temperatures. 
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effect  of  bulk  ionization  is  to  increase  both  the  output  voltage  as  well  as  the  output  current 
immediately  after  ignition  and  this  is  clearly  observed  in  the  figure.  Ignition  occurs  at  negative 
voltages  for  all  emitter  temperatures  below  1625  K.  The  effect  of  bulk  ionization  in  obtaining 
higher  power  is  greater  at  lower  emitter  temperatures  as  the  difference  between  ignition  voltages 
before  and  after  ignition  is  greater.  However  as  the  emitter  temperature  is  raised,  the  jump  in 
the  voltage  level  decreases  indicating  that  bulk  ionization  as  well  as  the  high  temperature 
contribute  to  the  minimization  of  the  negative  space  charge  effect 

The  broken  lines  connecting  the  experimental  data  points  are  linear  approximations 
that  best  suit  the  trend  in  the  behavior  of  experimental  data  points.  An  analytical  curve  fit 
revealed  that  the  variation  in  ignition  voltage  before  ignition  can  be  represented  by  the  relation. 

VIa,  =  3.6455x10'j(Tr)  *  3.8956  (5.8) 

and  after  ignition,  the  variation  can  be  approximated  by 

VIQA  =  2.4203xl0‘J(T,)  -  3.4844  (5.9) 

where  VIQH  =  Voltage  Before  Ignition 
V,aA  =  Voltage  After  ignition 
T,t  =  Emitter  Temperature 

The  results  of  the  cesium  reservoir  and  collector  optimization  ignition  tests  are 
provided  in  Tables  5.3  and  5.4  and  Figures  5.23  and  5.24  respectively.  The  cesium  reservoir 
temperature  was  varied  from  350  K  to  540  K  at  random  intervals  and  the  collector  temperature 
was  varied  from  750  K  to  980  K.  In  both  series  of  tests,  the  emitter  temperature  was  maintained 
at  1700  K.  Since  the  emitter  temperature  remained  constant  it  was  hard  to  determine  the  effect 
of  temperature  on  obtaining  higher  power  output  levels.  As  seen  from  the  results,  the  output 
voltage  after  ignition,  exhibited  an  expected  trend  with  increase  in  cesium  reservoir  temperature. 


81 


a 

& 

9 

£ 

S 

-a 

•M 

e 

ao 

(Ml 

e 

o 


S 


I 

i s 

.h 

o 

£ 

« 

o 

a 

E 

3 

3! 

£ 


rn 

*/S 

o 

3 

h 


W1 

W. 

4J 

w 

0) 

»—*» 

After 

0.86255 

0.75557 

0.63445 

0.74187 

0.68428 

0.69303 

0.58618 

0.54803 

0.5312? 

2 

C 

10 

4) 

w 

u 

4* 

fl<r»onin»u>Nn 

CV<r»i—  NM)r<4v 

0 

O 

9*oi*i»oioinBr* 

CJ 

t+» 

C  C4inNlAQONi.M 

3 

41 

03 

o  onnrt  fnnnpanc\< 

*r  •  »  , 

a. 

w 

a  * 

*■**>*000000000 

o 

o>  wn  (M9ino\ot(ooio 

*«»r-a0r-orgi7ir«Qr' 

C 

L» 

<—  (NOeirvir— oioeo 

o 

4) 

o  Ov£4rwnv£t£(\jaitcr*» 

w 

> 

*• 

z  2  4ru^uiuiiou^^4fn 

c 

w 

< 

OCOOQOQOO 

Ol 

0) 

CTi  - 

<o 

•M 

r'fOOW^tflCBOPJ 

■TH" 

01 

OMrNirUANi0r>(,> 

o 

L 

o  ■■  o  ki  m  ifl  anfl  n 

2» 

O 

^Or)vnmr*^a)4r 

w 

4J 

l  i  r-Oi —  O  O  O  o  I~  o 

CO 

ooodddodd 

* 

V. 

41 

k. 

E 

o 

3 

D 

> 

•-* 

ooooooooooo 

’** 

L 

ft) 

*Dcnro«rma9r^fflOrvv 

v/i 

'll 

u 

m  n  *r  *r  <7  «r  v  ur>  w>  uS 

O 

<u 

a 

a 

e 

a> 

h- 

J'OM'lfflVOUniSNO 

vminiflinmininiflifltc 

*-* 

aoaoooooaao 

<1> 

r—  r—  r—  r«-»  r—  r*>  r— * 

oaaoaacomaaaicQceGOeD 

82 


si 

3 

J 

3 

£ 

8‘ 

:a 

§> 


<r> 


M 

t 


sters  1 

i. 

Ot 

4-» 

«*> 

< 

0.12506 

0.56392 

0.65961 

0.66994 

0.60070 

0.73105 

0.73039 

0.73039 

0.69387 

8 

e 

m 

41 

t. 

k. 

Ot 

f>  a  ia  to  n  cn  o>  «r  r» 

m 

ito 

U 

(VMnrgooonrg  oi 

a. 

3 

o 

»»»r*NP*i-<r  m 

It 

<+- 

r^Qr*r»ou*)(*»inift 

** 

ot 

ONrgNNnmviN 

a 

eo 

a 

««* 

ooooooooo 

S' 

o»  o  co  o  cm  r- 

r»r^f\trNti3r— o*r 

e 

L. 

CO  r*  fO  r-»  00  *T  W>  r*  O 

o 

mooooMvinoi 

•f"* 

<-» 

vftiOienmnr-ifi 

> 

S*m 

•  •  •  •  .  ut  in  v 

♦P» 

s** 

< 

O  O  O  O  O  O  •  •  • 

e 

O  O  O 

o» 

ot 

<0 

•M 

oo<t)on«®vo 

Ot 

aoiiAiniotMnoN 

o 

om»P)ftr*f-ON 

> 

a 

o*0*oor»or»f~*n«» 

<*• 

rtfMOOooo  o  o 

m 

03 

OOOOOOOOO 

1  t  1 

w 

w 

i. 

0> 

o 

u 

4-t 

3 

U 

W 

ooinomomoo 

01 

i« 

inOMinr-OiMinoD 

L. 

r*B®SSS0(JMP0M>l 

4) 

Q 

a 

<_» 

E 

Of 

H- 

p>Nn«ini0r>ggoi 

% 

aaioaioiOiOiflijo 

4-* 

ooooooooo 

*/1 

■J  «“J  — j  —>j  aJ  «J  «J  «J 

o> 

h- 

<<<<<<4C<< 

dO  00  Ad  CD  d  qQ  qq  Q3  Q3 

83 


ION  VOLTAGE  CIIAHACTEniSTICS 

(CESIUM  RESERVOIR  OPTIMIZATION! 


Figure  5.23  Ignition  Characteristics  for  Cesium  Reservoir  Temperature  Optimization 
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Figure  5.24  Ignition  Characteristics  for  Collector  Temperature  Optimi 


The  voltage  peaked  at  about  470  K  indicating  that  the  optimum  power  levels  can  be  obtained  in 
this  vicinity. 


However,  the  trend  exhibited  by  the  ignition  characteristics  for  the  variation  in 
collector  temperature  was  not  uniform  but  fluctuating  thereby  giving  an  indication  that  the 
ignition  output  parameters  were  not  strong  functions  of  the  collector  temperature.  However,  it 
was  found  that  a  strong  driving  force  was  necessary  to  cause  bulk  ionization  as  ignition  was 
initiated  at  negative  voltages  above  a  collector  temperature  of  925  K.  Since  the  same  effect  was 
observed  at  low  cesium  reservoir  temperatures,  it  can  be  concluded  that  the  optimum  power 
levels  for  the  LaBs  dirainiode  can  only  be  obtained  by  operating  it  with  a  cesium  reservoir 
temperature  <  450  K  and  a  collector  temperature  >  900  K. 

5.2  ASTAR-8 1 1C  Diminiode  Performance 

The  emitter  for  this  fixed  space  planar  miniature  diode  is  a  tantalum  alloy  termed 
ASTAR-8 11C.  This  alloy  has  a  nominal  composition  consisting  of  90  at.%  Ta,  8  at.%  W,  0.7 
at.%  Hf,  1  at.%  Re  and  0.025  at.%  C.  The  collector  is  a  Niobium  •  1  at.%  Zirconium  alloy 
which  is  separated  from  the  emitter  by  0.254  mm. 

The  tests  were  conducted  with  an  emitter  temperature  of  1800  K,  a  collector  temperature 
of  1040  K  and  a  cesium  reservoir  temperature  ranging  from  604  K  to  708  K.  The  tests  were  a 
repeat  of  those  conducted  at  NASA  and  reported  by  James  F.  Morris  and  others  [12],  The 
purpose  of  these  tests  was  to  verify  the  performance  of  the  diminiode  with  identical  operating 
conditions.  Each  test  was  conducted  by  bringing  the  diminiode  up  to  the  specified  primary 
parameters  and  then  varying  the  bias  supply  from  a  positive  voltage  through  zero,  to  a  negative 
voltage  and  back  to  the  positive  voltage.  One  complete  sweep  with  the  bias  power  supply 
ensures  the  occurrence  of  ignition,  de-ignition  and  coincidence  of  current  densities  before  and 
after  de-ignition  for  the  same  output  voltage.  For  the  externally  driven  diminiode,  the 
corresponding  output  voltage  varied  from  4-1.2  volts  to  -0.25  volt  and  then  back  to  4-1.2  volts. 
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5.2.1  Current  and  Power  Density  ChincttrilOCS 

The  output  current  and  power  density  characteristic!  of  the  ASTAR-8UC  diminiode 
for  a  cesium  reservoir  temperature  of  651  K  is  indicated  in  Figure  5.25.  Superimposed  on  the 
plot  is  the  corresponding  plot  obtained  at  NASA,  LeRC.  As  represented  in  the  figure,  a  number 
of  differences  were  observed  between  the  plots  obtained  at  AFWAL  and  those  published  in  the 
NASA  report  The  back  emission  was  considerably  higher  at  all  cesium  reservoir  temperatures. 
This  indicated  that  either  the  collector  temperature  at  which  the  tests  were  conducted  was  too 
high  or  the  characteristics  of  the  collector  surface  had  changed  by  deposits  of  the  eminer 
material.  This  can  be  checked  by  repeating  some  of  the  key  tests  at  lower  collector  temperatures. 

The  tests  conducted,  exhibited  a  general  trend  with  cesium  reservoir  temperature. 
The  short  circuit  current  densities  and  the  open  circuit  voltages  constantly  decreased  with  increase 
in  cesium  reservoir  temperature  unlike  the  trend  exhibited  by  the  NASA  plots  where  the  power 
density  peaked  at  a  cesium  reservoir  temperature  of  651  K.  From  an  optimization  point  of  view, 
this  might  indicate  that  with  the  change  in  surface  characteristics,  the  optimum  cesium  reservoir 
temperature  for  efficient  ionization  has  dropped  to  600  K  or  lower. 

The  test  results  published  in  the  NASA  report  and  presented  in  Figure  5.25  had 
clearly  defined  Ignition  and  De-ignition  points  while  the  corresponding  plots  for  the  tests 
conducted  recently,  did  not  show  any  indication  of  opening  in  the  ignited  mode.  Neither 
ignition  nor  de-ignition  points  were  identifiable  on  any  of  the  plots.  The  main  reason  for  this 
behavior  is  the  high  back  emission  and  low  forward  emission  at  lower  voltages.  This 
characteristic  prevents  the  diode  from  operating  in  a  space  charge  limited  mode  which  transitions 
into  the  ignited  mode  of  operation  after  ignition  occurs.  Cesium  depletion  is  yet  another 
possibility  that  could  be  responsible  for  the  lack  of  on  ionizing  plasma  to  cause  ignition  or 
neutralization  of  the  negative  space  charge  accumulation  at  the  emitter  surface. 
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CURRENT  ANO  POWER  OENSITY  CHARACTERISTICS 
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Temperature  of  631  K. 


88 


5.3  Performance  of  the  Etched  Rhenium  -  Niobium  Diode 


5-3.1  Qtngni  Psrfonaiflcs 

The  planar  diode  with  a  Rhenium  Emitter  and  Niobium  collector  was  tested  for 
the  first  time  in  diode  Station  #3.  The  cesium  reservoir  temperature  and  collector  temperature 
were  maintained  constant  at  473  K  and  773  K  respectively.  However,  the  emitter  temperature 
was  varied  from  1273  K  to  1773  K.  The  corresponding  output  current  and  power  density 
characteristics  for  an  emitter  temperature  of  1723  K  is  shown  in  Figure  3.26.  As  observed  from 
these  characteristics,  the  diode  continued  to  operate  in  the  space  charge  limited  mode  dll  the 
emitter  temperature  was  raised  to  1723  K,  when  ignidon  occurred  and  current  densities  moved 
up  rapidly.  The  points  of  ignidon  and  de-ignition  are  clearly  indicated  in  the  characteristics 
corresponding  to  an  emitter  temperature  of  1723  K.  Ignition  did  occur  at  1673  K  but  the  overall 
current  densities  were  lower  than  those  at  1623  K  indicating  that  the  optimum  emitter 
temperature  was  between  1373  K  and  1673  K.  Any  further  increase  in  emitter  temperature  did 
not  enhance  the  current  densities  but  eventually  led  to  a  form  of  unstable  operation  as  represented 
by  the  characteristics  corresponding  to  an  emitter  temperature  of  1773  K.  These  tests  represent 
a  preliminary  series  to  affirm  the  performance  capacity  of  the  diode  station. 

5.3.2  Peak  Power  Density  as  a  Function  of  Emitter  Temperature 

Figure  3.27  is  a  plot  of  peak  power  density  as  a  function  of  emitter  temperature 
for  the  Rhenium-Niobium  diode.  This  is  a  result  of  the  various  tests  conducted  on  the  diode  with 
constant  collector  and  cesium  reservoir  temperatures.  As  seen  in  the  characteristics,  the  power 
density  was  a  maximum  at  an  emitter  temperature  of  1723  K,  even  though  ignition  occurred  at 
negative  voltages.  Ignition  was  found  to  occur  only  at  emitter  temperatures  of  1623  K,  1673  K 
and  1723  K  because  of  the  low  Cesium  Reservoir  Temperature.  It  is  proposed  to  conduct 
extensive  tests  on  this  diode  for  mapping  its  performance. 

5.4  Characterization  of  the  Lanthanum  Hexaboride  Diode  with  a  1-P  Code 

A  one-dimensional  Thermionic  Energy  Conversion  (TEC)  computer  code  has  been  utilized 
to  provide  a  theoretical  basis  of  comparison  for  experimentally  derived  data  obtained  from  a 
lanthanum  hexaboride  cesium  vapor  thermionic  diode.  Although  the  code  generated  predictions 
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VARIATION  OF  PEAK  POWER  DENSITY 
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Figure  5.27  Variation  of  Peak  Power  Density  as  a  Function  of  Emitter  T< 


obtained  were  not  in  precise  agreement  with  the  experimental  results,  they  do  provide  a  basis  for 
establishing  the  validity  of  the  experimental  results  from  an  analytical  framework.  Certain 
discrepancies  are  thus  identified  and  are  attempted  to  be  accounted  for  in  terms  of  code 
inaccuracies  and/or  possible  experimental  error. 

M.  Ramalingam  and  M.  Morgan  produced  experimental  lanthanum-hexaboride  (LaB,) 
cesium-vapor  TEC  diode  characteristics  which  are  compared  to  those  predicted  by  tire  TEC  code 
[13].  The  diode  used  was  activated  by  electron  bombardment  (EB)  heating  in  a  rejuvenated 
diode  testing  facility,  originally  acquired  from  the  National  Aeronautics  and  Space  Administration 
(NASA)  Lewis  Research  Center  (LeRC),  Cleveland,  OH  [1,2], 


A  Disk  Operating  System  (DOS)  loop  (Figure  5.28)  and  auxiliary  fortran  program  (Figure 
5.29)  were  used  in  conjunction  with  the  original  TEC  code  to  generate  both  general  and  (LaB,) 
simulated  diode  current  density  vs.  output  voltage  (J-V)  characteristics.  The  effects  of  changing 
the  emitter  &  collector  work  functions,  as  well  as  the  operating  cesium-vapor  pressure,  were 
studied  for  both  cases.  All  results  are  shown  in  terms  of  J-V  characteristics. 


5.4.1  Code  Description  and  Simulation  Procedure 

The  Fortran  code  is  a  time-dependent  analysis  code  which  was  used  by  Main  [14] 
and  Lawless  (151  to  compute  the  TEC  plasma  conditions  over  discrete  time  intervals.  When 
running  on  a  desk-top  PC,  the  code  first  prompts  the  user  for  the  basic  TEC  parameters:  emitter 
and  collector  work  functions  (<J>,  &  <y,  emitter  and  collector  temperature  (T,  &  TJ,  cesium 
vaporpressure  (p)  inter-electrode  gap  (d),  and  operating  current  density  (J).  In  addition,  the  user 
can  specify  the  time  between  iteration  steps  and  several  program  output  control  conditions  as 
well.  The  program  calculates  the  plasma  densities,  electron  temperatures,  sheath  heights,  and 
many  other  pertinent  thermionic  parameters.  If  the  iterations  are  continued  for  a  sufficient  length 
of  time,  in  some  cases,  a  convergence  will  occur,  the  plasma  will  ignite,  and  a  "steady-state" 
condition  of  the  diode  will  be  observed. 
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At  tht  Aerospace  Propulsion  and  Power  Laboratory,  another  Fomin  program  and 
an  associated  DOS  level  loop  was  developed  to  provide  the  capability  of  graphing  the  program's 
output  into  the  typical  diode  J-V  characteristic.  This  allowed  the  simulated  results  to  be  easily 
compared  with  thoee  generased  experimentally.  Many  J-V  characteristics  were  thereby  produced, 
some  of  which  are  discussed  below.  Other  characteristics  were  generated  only  to  verify  and 
observe  the  code's  performance.  In  attempting  to  simulate  the  LaB«  diode,  the  first  requirement 
was  that  of  insuring  that  a  converged  (or  ignited)  characteristic  was  produced  from  the  parameters 
chosen.  T„  T„  d,  and  p  (derived  from  known  cesium  reservoir  temperature  and  spacing)  were 
known  from  experiment.  However,  both  +a  and  +•  could  only  be  approximated.  These  values 
were  therefore  estimated  based  on  the  literature  and  previously  measured  LaB#  experimental  J-V 
curves.  The  0,  was  first  approximated  from  the  experimental  J-V  slope  and  maximum  observed 
current  density,  as  2.25  eV  or  less.  The  0,  was  then  estimated  based  on  the  zero-voltage  crossing 
point  for  die  experimental  curves  and  a  rough  calculation  using  coulombic  resistance: 


J ^  -  A7j(exp-(K^1160<yi7001  (510) 
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assuming  Rc  -  0.75  ohzn.cm  from  the  slope  of  the  experimental  J-V  curve,  with  other  variables 
known,  yielded  0e  1.81  eV. 
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After  the  LaB,  work  functions  were  approximated,  various  combinations  of  emitter, 
collector,  and  cesium  temperatures  were  thus  simulated.  The  results  were  plotted  and  are 
discussed  in  the  following  section. 

5.4.2  faforninw  of  ttw  Cade 

The  code  is  an  exoemely  useful  method  of  estimating  TEC  characteristic!  for 
materials,  temperatures,  pressures,  etc.  as  yet  untried  experimentally.  As  previously  stated,  the 
code  allows  an  examination  of  a  TEC  diode's  characteristics  on  a  transient,  time-scale  basis. 

This  transient  TEC  diode  J-V  characteristic  can  easily  be  noted  in  Figure  5.30 
where  TEC  code  parameters  were  chosen  arbitrarily.  As  the  number  of  iterations  increases,  the 
characteristic  moves  to  the  left,  eventually  converging  on  the  Boltzmann  portion  of  the  curve. 
It  is  observed  that  the  initial  mode  is  basically  that  of  unignited,  space-charge  limited  operation, 
but  as  N  is  increased,  ignition  occurs  and  the  Boltzmann  slope  becomes  more  pronounced.  In 
Figure  5.30,  ignition  is  clearly  observed  for  N-1000.  The  "knee"  between  the  Boltzmann  slope 
and  semi-saturation  portions  of  the  curve  is  not  entirely  understood  but  it  appears  to  be  an  artifact 
of  the  computer  algorithm. 

Figure  5.31  is  similar  to  that  of  Figure  5.30  except  that  it  represents  half  the 
cesium  vapor  pressure.  Lower  pressures  are  observed  to  be  less  predictable  with  the  code.  This 
is  exemplified  by  the  N-2000  curve.  Notwithstanding,  all  plots  converge  at  the  highest  saturation 
current  density  as  would  be  expected.  As  in  Figure  5.30,  the  TEC  diode  operated  partially 
ignited  for  N-100  where  the  ions  in  the  diode  plasma  have  not  yet  achieved  sufficient 
concentration. 


Figure  5.32  is  again  similar  to  Figures  5.30  and  5.31  except  that  it  represents  a 
further  reduction  in  cesium  vapor  pressure.  The  current  density  is  seen  to  decay  over  time  and 
with  increasing  numbers  of  iterations  until  the  curve  for  N-2500  is  reached  where  a  converged 
characteristic  or  "pseudo-ignited"  mode  is  observed.  The  inaccuracies  of  the  program  at  low 
pressures  are  again  observed.  The  reasons  for  this  could  be  several,  including  approximations 
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Figure  3.31  Simulated  Characteristics  for  Various  Iterations  and  a  Cesium 

0.5  Tore. 
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of  the  ion/electron  collision  cross-section  are  too  rough  or  the  neglect  of  ion  inertia  in  the 
conservation  of  momentum  equations.  In  any  case,  low  mean  free  paths  associated  with  low 
pressures,  are  very  difficult  to  be  mathematically  modeled  with  utmost  precision. 

In  Figure  5.33,  TEC  operation  under  varied  emitter  temperature  conditions  for 
"high"  pressure  is  simulated.  As  expected,  large  variations  in  current  density  with  modest 
changes  in  emitter  temperature  are  observed.  The  dependence  on  the  Ta  squared  term  in  the 
Richardson-Dushman  equation  verifies  the  appropriateness  of  this  result: 


J  -  Af,laf-(+JkTy 


(5.13) 


Note  that  the  T,=1900  K  curve  was  not  operated  to  show  saturation. 

Figure  5.34  shows  a  thec.cdcal  simulation  representation  of  TEC  diode  operation 
for  a  high  cesium  reservoir  pressure  but  varying  collector  temperatures.  It  is  noted  that  collector 
temperature  variations  in  the  range  shown  phy  a  minor  role  in  moderating  the  TEC  diode 
performance.  Only  slight  variations  in  the  characteristic  are  observed  for  changes  of  ±  200  K. 
The  largest  variations  are  predicted  in  the  previously  mentioned  "knee"  region.  In  a  similar 
fashion,  Figure  5.35  shows  the  results  of  a  varied  emitter  temperature  but  under  lower  cesium 
vapor  pressure  conditions.  (The  0e  was  changed  slightly  to  enable  a  LaB4  comparison  in  the  next 
section.)  in  this  case,  the  current-density  behaves  again  as  expected,  with  a  seemingly  greater 
proportionate  increase  at  the  higher  temperature  than  that  observed  previously  in  Figure  5.33. 

J-V  characteristic  discontinuities  indicating  ignition  are  also  noted  in  each  curve 
of  Figure  5.35  whereas  they  were  not  observed  in  Figure  5.33.  Also,  the  Boltzmann  slopes  of 
the  two  curves  of  Figure  5.35  are  basically  parallel  whereas  they  appear  skewed  in  Figure  5.33. 
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Figure  5.33  Operation  Under  Various  Emitter  Temperatures  for  High  Cesium  Vapor 
Pressures. 
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Figure  5.35  Operation  Under  Varied  Emitter  Temperatures  and  Lower  Cesium  Pressures. 


Finally,  Figure  5.36  illustrates  the  same  results  seen  in  Figure  5.34  except  that  the 
cesium  vapor  pressure  has  been  decreased  and  the  $e  has  been  changed  slightly  as  discussed 
previously.  Again,  only  small  changes  in  the  J-V  characteristic  would  be  incurred  as  the  result 
of  relatively  large  collector  temperature  changes.  As  in  Figure  5.34  saturation  values  and 
Boltzmann  slopes  are  similar  with  Figure  5.36  having  more  pronounced  "Boltzmann"  and 
"Saturation"  features. 

5.4.3  Application  of  the  Code 

Experimentally  obtained  optimized  LaB«  results  are  shown  in  Figures  5.3, 5. 10  and 
5.17  1 16|.  The  apparatus  used  allowed  the  measurement  of  fairly  low  pressures  but  not 
sufficiently  high  currents.  The  code  was  able  to  approximately  simulate  these  curves  by 
employing  estimated  emitter  and  collector  work  functions.  Other  TEC  parameters  were  known 
from  the  experimental  setup.  The  LaB,  emitter  work  function  was  assumed  to  be  2.25  eV  based 
on  the  magnitudes  and  slopes  of  current  densities  observed  from  various  tests.  The  LaB« 
collector  work  function  was  approximated  between  1.81  and  2.02  cV  based  on  the 
aforementioned  calculations  and  other  experimental  observations. 

Experimentally  obtained  results  for  a  LaB*  diode  showing  characteristic  variations 
due  to  changes  in  collector  temperature  are  provided  in  Figure  5.10.  It  is  noted  that  no  major 
distinction  can  be  mad  oetween  curves,  supporting  the  previous  results  achieved  by  simulation. 
In  like  manner,  experimentally  obtained  results  for  the  same  diode  showing  the  impact  of  emitter 
temperature  changes  on  the  diode  characteristic  are  shown  in  Figure  5.17. 

Figure  5.37  presents  the  TEC  code  simulated  LaB,  J*V  characteristics  with  respect 
to  variation  in  cesium  vapor  pressure.  Obviously^  again  as  in  Figure  5.32,  the  lowest  pressure 
plot  (p=0.1  tore)  does  not  seem  appropriate,  hence  the  program  .inadequacy  at  relatively  low 
pressures  is  demonstrated,  in  this  case,  the  best  TEC  operating  condition  is  obviously  that  of  the 
highest  emitter  temperature.  In  comparison  with  Figures  5.33  and  5.35,  this  result  is  also 
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Figure  S.37  Simulated  Characteristics  Corresponding  to  Experimental  Cesium  Reservoir 


v^jth  that  incrtaee  not  necemrily  being  roughly  profsomo«»l  to  |he  »quareof  the  emm 
temperature  at  mi|ht  be  expected from  fundamental  theory. 
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SECTION  YI 

CONCLUSIONS  ANB,.  FUTURE  ACTIVITIES 


The  section  has  been  divided  into  the  conclusions  and  future  activities  for  five  different 
topics  of  research  encountered  in  the  entire  program. 

6.1  Diminiflde  Test  Stations  and  Lanthanum  Hcxaboride  Diode 

The  facilities  and  equipment  acquired  from  NASA  LeRC  through  Arizona  State  University 
(ASU)  were  successfully  set  up  and  tested  with  a  Lanthanum  Hexaboride  diminiode  at  the  APL 
of  AFWAL/WPAFB.  Both  performance  verification  and  optimization  tests  were  conducted  to 
establish  the  performance  of  the  instrumentation,  data  acquisition/processing  systems  and  other 
accessories.  There  was  excellent  correspondence  of  the  results  obtained  formerly  at  NASA  LeRC 
and  presently  at  AFWAL.  The  entire  exercise  was  a  valuable  experience  for  ail  the  scientists  and 
technicians  involved  in  the  project  and  a  morale  booster  for  future,  more  innovative  research 
activities  in  Thermionic  Energy  Conversion. 

The  major  problem  involving  the  testing  of  the  diode/diminiode  was  the  lack  of  a  sweep 
generator  system  to  bias  the  diode.  With  manual  biasing,  it  takes  the  best  pan  of  3  hours  to 
complete  one  sweep  going  from  an  output  voltage  of  -*-2.0  volts  to  •  1 .0  volts.  The  reason  for  this 
is  that  all  the  cooling  adjustments  have  to  be  made  prior  to  increasing  or  decreasing  the  bias 
supply.  However,  by  using  a  3-  or  10*V  pulse  to  sweep  the  diode,  the  entire  duration  can  be 
brought  down  to  less  than  20  msec  as  we  ore  now  able  to  capitalize  on  the  thermal  inertia 
properties  of  the  metal  that  facilitate  the  maintenance  of  constant  temperature.  This  addition 
together  with  an  oscilloscope  to  view  the  J-V  characteristic  should  bring  the  stations  close  to 
having  the  state  of  the  technical  an  in  instrumenting  a  diode  test  station. 

6.2  The  ASTAR-811C  Diode  and  the  Diode  Processing  Station 

The  ASTAR-81 1C  Diode  did  not  seem  to  possess  any  significant  current  even  when  the 
emitter  was  heated  up  to  1800  K.  The  back  emission  seemed  to  be  considerably  high  at  all 
cesium  reservoir  temperatures.  This  indicates  that  either  the  collector  temperature  at  which  the 
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tests  wereconducted  wu  too  high  or  the  characteristics  of  the  collector  surface  had  changed  by 
deposits  of  the  emitter  material.  This  can  be  checked  by  repeating  some  of  the  tests  at  lower 
collector  temperatures. 

The  diode  processing  station  is  almost  90  percent  insulted.  It  would  be  a  good  idea  to 
replace  the  existing  power  supplies  with  more  sophisticated  temperature  controllers  and  power 
supplies.  A  welding  filament  has  to  be  designed  and  several  tantalum  tubes  should  be  welded 
in  order  to  optimize  the  weld  parameters. 

6.3  TECQ  Test  Station  and  the  Rhenium-Niobium  Diode 

Preliminary  test  on  the  etched  Rhenium-Niobium  diode  did  indicate  that  the  diode  was 
performing  with  ignition  and  de-ignition  but  at  low  current  densities.  It  would  take  several 
different  test  procedures  to  map  the  performance  of  the  diode  completely  and  then  come  to  any 
conclusions  regarding  its  operating  efficiency.  Again,  the  biasing  of  the  diode  was  done 
manually,  and  unless  a  sweep  generator  and  oscilloscope  are  included  as  a  pan  of  the 
instrumentation,  the  thermal  inertia  properties  of  the  material  cannot  be  exploited. 

6.4  Computer  Characterization  of  Diode  Performance 

The  TEC  code  J-V  characteristic  simulations  were  significant  in  their  use  as  a  comparison 
for  actual  characteristics  generated  experimentally.  In  addition,  they  were  useful  in  demonstrating 
the  transient  nature  of  the  characteristics  themselves  over  time. 

Figure  3.30  indicates  at  a  cesium  vapor  pressure  of  1  torr  represents  approximately  what 
might  be  expected  under  experimental  conditions.  The  "knees"  in  the  curves,  however,  are  not 
consistent  with  experimental  results  and  might  be  attributed  to  different  rates  of  decay  of  the 
plasma  parameters  in  the  code  for  the  region  between  the  "Boltzmann"  and  "saturation"  portions 
of  the  curve. 
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Other  unexpected  ambiguities  in  the  code's  results  include  the  N-2000  curve  in  Figure 
5.31.  this  is  considered  to  be  an  artifact  occurring  at  low  pressures  (low  number  of  mean  free 
paths)  and  due  to  a  combination  of  either  inaccurate  collision  cross  section  modeling  and/or  the 
neglect  of  ion  inertia  in  the  conservation  of  triomentum  equations  as  used,  in  calculating  the 
plasma  profile  in  the  code. 

Differences  in  plasma  ignition  characteristics  were  also  observed  between  the  experimental 
results  and  the  code’s  predictions.  As  ignition  of  the  plasma  is  dependent  on  many  variables 
(election  temperature,  mean  free  paths,  ion  concentration,  etc.),  it  was  expected  that  this  portion 
of  the  curve  might  be  less  accurate.  In  the  steady-state  mode,  calculated  values  for  a  moderate 
pressure  of  0.39  tori,  agreed  with  experimental  results  within  5  percent  but  at  lower  pressures  (< 
1.0  tori),  the  analytical  results  deviated  considerably  from  experimental  results.  The  simulations 
for  collector  temperature  variation  were  reasonably  good  as  this  does  hot  affect  the  performance 
appreciably  as  observed  from  experimental  results.  The  emitter  temperature  simulations  yielded 
exaggerated  current  densities.  Furthermore,  the  code  predicted  "knee"  as  observed  in  some  of 
the  results,  was  not  measured  experimentally,  as  the  equipment  used  was  not  capable  of 
measuring  higher  current  densities  than  that  shown  (Figure  5.3).  this  portion  of  the  curve 
requires  additional  attention  from  both  the  simulation  (code)  and  experimental  directions. 

The  TEC  code  used  demonstrates  the  capability  of  current  computer  programs  to  produce 
significant  results  and  provide  reasonably  accurate  TEC  predictions.  With  the  advent  of 
improved  computational  facilities,  it  is  expected  mat  this  and  possible  other  codes  will  be  further 
advanced,  thereby  providing  continued  insight  into  rapid  analytical  verification  of  experimental 
work  in  the  field. 

Areas  requiring  improvement  in  the  particular  code  examined  in  this  paper  include: 

1)  improved  modeling  accuracy  at  relatively  low  cesium  vapor  pressures, 

2)  bett.tr  ignition/de-ignition  definition, 

3)  possible  f!  tening  of  the  "knee"  portion  of  the  curve,  and 
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4)  numerical  operations  within  the  code  might  be  reformulated  to  allow  for  a  faster 
program  execution  time.  The  program  might  also  be  recompiled  to  run  on  more 
powerful  mainframe  systems. 

6.s  Qfliii  of  Thtmoiu£,RgiMKiL«  WRDC 

The  overall  goal  of  the  WRDC  In-house  thermionic  conversion  research  in  the  future  will 
be  to  support  Air  Force  needs  in  6.1, 6.2,  and  6.3  research.  Specifically,  this  means  supporting 
efforts  such  as  the  Advanced  Thermionic  Initiative  (ATI)  being  undertaken  cooperatively  between 
SDIO/IST  and  WRDC.  There  will  be  close  interfacing  with  universities  and  businesses  providing 
technical  assistance  and  leadership  as  appropriate.  Accordingly,  the  design  philosophy  in 
developing  in-house  facilities  is  to  use  standard,  inexpensive  equipment  and  software  wherever 
possible,  so  as  to  facilitate  smooth  interactions  with  universities  and  businesses,  thereby  making 
the  universal  contribution  to  the  thermionic  technology,  more  effective. 

A  high-priority  goal  is  to  fabricate  diodes  in-house  using  the  "Diminiode"  fabrication 
equipment  acquired  from  Arizona  State  university.  There  are  several  reasons  for  doing  this.  One 
is  that  it  will  allow  quick  examination  of  novel  surfaces  and  configurations  (i.e.,  grooved 
surfaces,  diamond-like  surfaces,  oxygenated  surfaces,  etc.).  A  second  advantage  is  that  it  would 
support  very  high  temperature  thermionics  (VHTT),  where  tests  resulting  in  damage  or 
destruction  can  be  undertaken  without  fear  of  crippling  the  in-house  capability.  A  third 
advantage  is  that  it  will  allow  the  interaction  with  universities  and  businesses,  leading  to  a 
broader  US  technology  base.  The  goal  is  to  produce  a  diminiode  as  soon  as  possible  and  modify 
the  setup  to  more  closely  replicate  added  features  such  as  variable  gap,  sapphire  windows  to  view 
plasma  conditions  and  so  on. 

With  the  existing  diminiodes  or  similar  converters,  the  phenomena  of  ignition/de-ignition 
in  converters  will  be  studied.  These  are  of  crucial  importance  in  devising  a  stable  startup 
procedure  for  a  thermionic  reactor.  The  reason  is  that  the  formation  of  an  arc  in  cesium  may 
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cool  the  emitter  so  much  that  the  arc  may  extinguish  itself,  which  has  an  adverse  effect  on  the 
startup  process  and  on  the  nucleonics.  To  date  these  phenomena  have  not  been  addressed  in 
great  detail  by  the  US  thermionic  community. 
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